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Abstract
The present investigation emphases on rotation effects on internal cooling of gas turbine blades both numerically and experi-
mentally. The primary motivation behind this work is to investigate the possibility of heat transfer enhancement by dean vortices
generated by Coriolis force and U-bend with developing turbulent in the view point of the field synergy principle and secondary
flow intensity analysis. A two-passage internal cooling channel model with a 180° U-turn at the hub section is used in the
analysis. The flow is radially outward at the first passage of the square channel and then it will be inward at the second passage.
The study covers a Reynolds number (Re) of 10,000, Rotation number (Ro) in the range of 0–0.25, and Density Ratios (DR) at
the inlet between 0.1–1.5. The numerical results are compared to experimental data from a rotating facility. Results obtained with
the basic RANS SST k-ω model are assessed completely as well. A field synergy principle analysis is consistent with the
numerical results too. The results state that the secondary flows due to rotation can considerably improve the synergy between the
velocity and temperature gradients up to 20%, which is the most fundamental reason why the rotation can enhance the heat
transfer. In addition, the Reynolds number and centrifugal buoyancy variations are found to have no remarkable impact on
increasing the synergy angle. Moreover, vortices induced by Rotation number and amplified by Reynolds number increase
considerable secondary flow intensity which is exactly in compliance with Nusselt number enhancement.

Nomenclature
A area (m2)
Bu rotational Buoyancy number
Cp specific heat (J kg-1 K-1)
Dh channel hydraulic diameter (m)
DR density ratio
f friction factor
f0 friction factor from Blasius equation
h heat transfer coefficient (W m-2 K-1)
k turbulent kinetic energy, kg.m2s-2

L channel length (m)
Nu local Nusselt number
Nu0 Nusselt number from Dittus-Boelter equation
ΔP pressure drop (Pa)

Pr Prandtl number
Prt turbulent Prandtl number
q heat energy (W)
R rotating radius (m)
Re Reynolds number
Ro Rotation number
Se Secondary flow intensity vorticity
T temperature (K)
Tw air bulk temperature (K)
Tb wall temperature (K)
U mean velocity (m s-1)
X streamwise coordinate
Y widthwise coordinate
Z span-wise coordinate

Greek symbols
α fluid thermal diffusivity (m2/s)
β, β* turbulence model constant
θ synergy angle
δ Boundary layer thickness (m)
μ fluid dynamic viscosity (Pa.s)
μt turbulent viscosity (Pa.s)
ρ fluid density (kg/m3)
λ thermal conductivity (W/m2.K)
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ν kinematic viscosity (m2/s)
νt turbulent kinematic viscosity (m2/s)
ω vorticity in k-ω turbulence model
ωn normal component of vorticity
Ω rotational speed (r.s-1)
Subscripts
b Bulk
n the number of the measured point in X direction
w wall
in inlet
out Outlet
Abbreviations
LE Leading Edge
Stn Stationary Condition
TE Trailing Edge
TP Thermal Performance

1 Introduction

One of the significant methods to increase a gas turbine output
and its efficiency is to raise the turbine inlet temperature (TIT),
which certainly exceeds the allowable blade material restric-
tions. A common method for blade cooling is to circulate
coolant air through internal cooling passages within the tur-
bine blades. An important aim of the turbine heat transfer
community is to maximize the cooling efficiency of the inter-
nal cooling passages which can decrease the hot spot blade
temperature and the maximum blade temperature gradient to
insure appropriate engine longevity. Also manufacturing lim-
itations and available volume space for internal cooling, aero-
dynamic losses, pressure drop penalties are imposed and these
affect optimization and accurate quantification of the perfor-
mance of the internal cooling technology. Consequently, nu-
merous investigations have an emphasis on different consid-
erations such as cross sectional geometries, different
turbulator configurations, and different flow parameters for
both stationary and rotating internal coolant passages. These
studies have provided valuable insights on the effect of
Coriolis and centrifugal buoyancy force on the flow and heat
transfer characteristics for specific geometries, and have pro-
vided guidelines for applying developed internal-cooling
strategies.

1.1 Heat transfer in smooth and ribbed channel under
rotational condition

An enormous amount of literature related to heat transfer and
fluid field for internal cooling of turbine blades have been
reviewed by Han and coworkers [1, 2]. They presented two
comprehensive review papers about recent studies in turbine
blade cooling. Also, many studies were reviewed by Bunker
[3], Sunden et al. [4] and Ligrani [5] about heat transfer

augmentation technologies for internal cooling. The early re-
search of the internal cooling of gas turbine blades started
from the stationary condition and these focused on circular
cross section tubes and rectangular smooth channels [6–8].
The rotating effect on gas turbine blade heat transfer has
prompted some researchers such as Guidez et al. [9] to inves-
tigate secondary flow compelled via the Coriolis force on heat
transfer. After that, Wagner and Johnson [10, 11] studied heat
transfer in serpentine passages of smooth channels and they
presented effects of the Coriolis and rotation induced buoyan-
cy forces on it and described the Rotation number as the ratio
of the Coriolis force to flow inertia force. Also, a series of
valuable data about heat transfer enhancement because of ro-
tation condition was prepared by means of their experimental
reports. The role of the buoyancy force in gas turbine blade
internal cooling because of high centrifugal acceleration gen-
erated by high rotational speed and a large difference of wall
to coolant temperature is very significant and is not negligible
[12]. A considerable increase about two to three times on the
outward flow trailing wall and a decrease around 40% in the
local heat transfer coefficient distributions on the outward
flow leading wall were found by these researchers. This hap-
pens under rotating conditions compared to nonrotating flow
conditions.

Investigation of high Rotation number around 0.4 has been
done by means of increasing the operating pressure as evident
by the survey of Wright et al. [13]. Furthermore high
Reynolds number around 165,000 also has been researched
via utilizing pressurized Freon R134a as the working fluid by
Rallabandi et al. [14]. They expressed that the overall devia-
tion and difference between the leading and trailing heat trans-
fer coefficient was less as the Rotation number was increased
largely and the Nusselt number ratio tendency is near the
stationary condition as Reynolds number is increased.
Several CFD simulations to investigate the heat transfer aug-
mentation versus the pressure drop on both leading and
trailing surfaces of a rotating rectangular channel with radially
inward and outward flow were conducted by Iacovides et al.
[15–17] Watanabe [18] Fransen [19] used RANS and LES
turbulence modeling to simulate both a smooth channel and
a channel equipped with skewed rib-roughening in rotation
inward and outward flows. Many experimental studies by
Han et al. [20–22] and Sunden et al. [23–25] were carried
out to find out the influence of the rib configuration on the
heat transfer augmentation against the pressure drop penalty.
In general, these researches were considering the rib angle of
attack [26, 27], V-shaped ribs [28, 29], staggered and inline
arrangement of the ribs [30], and different aspect ratios of the
ribbed channel [31, 32]. Indeed, they focused on boundary
layers regenerated via the ribs and impacts of the secondary
flow induced by rib turbulators. The outcomes showed con-
siderable effects of these configuration parameters on heat
transfer characteristics and pressure drop in the channel.
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Also, they reported that vortex pairs, which increase turbulent
transport and secondary advection over the entire channel, are
very essential. According to these authors, a considerable lo-
cal heat transfer rate and averaged surface Nusselt number due
to the rib turbulators are possible. Generally, it is concluded
from previous studies that according to the results of [27], an
increase of about 30% in heat transfer for angle ribs of 30 and
45 deg compared to a 90 deg rib angle of attack occurred.
Also, the maximum thermal performance happened for a rel-
ative baffle width of 5.0 and thermo-hydraulic performance
comparison displayed that the multi V-downstream pattern
has better results compared to other baffle shapes in a rectan-
gular duct [29]. Moreover, the most important conclusion for
different aspect ratios in ribbed channels [32] is that the rota-
tion influence is the main factor in low aspect ratio channels
and the local enhancement due to the rib position is more
dominant for high aspect ratio channels.

1.2 Heat transfer in view point of field synergy
principle and secondary flow intensity

An innovative theory corresponding to convective heat trans-
fer enhancement is called the field synergy principle proposed
firstly by Guo et al. [33]. It states that the reduction of the
intersection angle between the two vectors of velocity and
temperature gradients in the flow field can effectively improve
the convective heat transfer. A dimensionless number is de-
termined as an indication of the synergy degree between the
velocity and temperature fields for the entire flow and heat
transfer domain. Undoubtedly, for an ideal heat transfer field,
this number should be close to zero. A majority of investiga-
tions related to this concept concerns analysis of the enhance-
ment mechanism in heat exchangers. A computational survey
on the fin-and-tube surface with delta winglet vortex genera-
tors has been investigated by Wu et al. [34]. Their outcomes
state that secondary flow generated by vortex generators re-
duces the intersection angle between the velocity and fluid
temperature gradients and develop the heat transfer. Tao
et al. [35] explored this for the wavy fin-and-tube heat ex-
changer numerically. Reynolds number effect and fin pitch
were studied from the perspective of the field synergy princi-
ple. Also, a flow and heat transfer study for a porous wick of a
CPL evaporator by Lio et al. [36] has been performed by
applying the field synergy analysis. It can be concluded from
previous studies that secondary flows associated with geome-
try parameters are certainly influential in decreasing the syn-
ergy angle and increasing the heat transfer. Investigations
about heat transfer enhancement at an internal stationary chan-
nel with vortex generator have been presented by Song et al.
[45–47] in view point of secondary flow intensity. In one of
these references, Song [47] presented a quantitative relation-
ship between heat transfer and secondary flow intensity in flat-
tube-and-fin air heat exchanger.

1.3 Objectives of current study

As mentioned above, rotation effect on flow and heat transfer
in smooth square U-ducts have been experimentally and nu-
merically investigated. Some numerical approaches have been
implemented to obtain the averaged or local heat transfer dis-
tributions in these channels. However, there are no investiga-
tions on heat transfer improvement considering the field syn-
ergy factors and secondary flow intensity analysis under rota-
tion conditions. It is of interest to find out the effect of the
secondary flow induced by the Coriolis force and U-bend on
the synergy angle and secondary flow intensity. Our study
aims to present the heat transfer and pressure drop character-
istics in a rotating U-duct channel at various Reynolds num-
ber, Rotation numbers and Buoyancy number. The validation
will be done by an experimental study carried out in an in-
house rotating facility.

Three issues are included in this study:
First, a numerical study to provide additional flow field

information compared to test results to quantify and to under-
stand more of the flow physics and heat transfer.

Second, investigation of the influence of the secondary
flow associated by Coriolis, buoyancy and bend in the first
and second passages in an internal cooling channel.

Third, find out the effect of rotation, centrifugal buoyancy
and Reynolds number on heat transfer enhancement through
the synergy angle and secondary flow intensity.

Forth, analysis and comparison of two approaches of syn-
ergy angle and secondary flow intensity on heat transfer
enhancement.

A representative sketch of gas turbine blade cooling is
depicted in Fig. 1.

2 Experimental setup and measurement
techniques

2.1 Rotating facilities

The experimental study was done at the Energy and
Environment Laboratory of Iran University of Science and
Technology (IUST). The test facility is depicted in Fig. 2.
The rotating frame is driven by a 0.75 kW Electric Motor
and can be varied from 1 to max 1500 rpm by a feedback
AC Inverter Drive. A compressor-dryer-reservoir system with
a maximum pressure of 10 bar delivers the coolant air to the
rotating test set. Air passes through a flow meter, and is then
transported to the rotating facility via a 1-in. rotary joint. The
mass flow rate is controlled by using a throttle valve and is
measured by means of an Acrylic Tube Rotameter with an
uncertainty below 4%. The inlet and exit flow temperatures
of the U-Turn channel are measured by two T-type
thermocouples.
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The test channel had a hydraulic diameter (Dh) of 40 mm
and is equipped with screens and honeycombs to control the
turbulence intensity of the main stream. The experimentally
heated surfaces, including the leading surface and trailing sur-
face were only heated and was used to support the copper
plates and heaters.

The metal temperatures of the copper plate are measured
with T-type thermocouples which is embedded into blind
holes of each copper plates. The thickness of all copper plates
was 4 mm. A strip of mica insulation with k = 0.12 W/mK

with 1 mm in thickness was applied between adjacent copper
plates to prevent conduction among different regions, and also
help create a smooth contact surface between them. The ther-
mocouples are connected with a reference junction to a data
acquisition/ switch unit with a measurement accuracy of
0.5 K. For avoiding any undesirable effect on data acquisition
and thermocouples.

The 4 × 4 cm silicone heaters are applied at the back sur-
face of the copper plate to provide a constant heat flux during
each test. This is shown in Fig. 2 (b). Biot numbers of the
copper plates were calculated. The largest Biot number in this
study is less than 0.022. The lumped capacitance method can
be applied to determine the local wall temperature along the
channel. Thus the passage can be divided into several regions
based on the copper plate covered area. More details of the
rotating facility have been introduced in our previous study
[49].

2.2 Data reduction

To convert the raw measurements to the heat transfer coeffi-
cient and friction factor, the following equations are used:

The heat transferred to the fluid by each heater panel is
calculated using Eq. (1). It represents the electrical power
supplied by the heater minus the heat loss to the surroundings.

hi ¼
Qinput;n−Qloss;n

An � Tw;n−Tb;n
� � ð1Þ

The heat losses are measured from several stationary and
rotation calibration tests where the test-section is closed to
avoid any air circulation. As the steady state condition is ob-
tained, the heat supplied by the heaters is balanced by the heat
lost during the actual measurement due to the heat conducted
through the thermal insulating shell. Repeating this procedure
for different power inputs, several calibration functions of the
heat loss are obtained as a function of metal block temperature
Tw,n with respect to the ambient temperature Tamb and these
are used in the above mentioned data reduction procedure. In
the current study, the percentage of the heat loss varies from
4% to 20.0%.

Also to determine the streamwise bulk temperatures, the
enthalpy balance method is used as follows.

Tb;n ¼ Tb;in þ ∑Qnet

ṁ:cp
ð2Þ

The Nusselt Number can be normalized using the Dittus-
Boelter equations [37]. It characterizes fully developed internal
turbulent flow in circular passages with smooth surfaces as:

Flow Meter

Compressor

V-Belt

Electrical
  Motor

Counter Weight

VFD

Rotating Shaft

Cool Air

Cool Air

Test Channel

Slip Ring

Air

Air Inlet

(a) setup overview 

(b) Test Section 

Fig. 2 Rotation experimental facilities

Fig. 1 A representative sketch of blade internal and external cooling [48]
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Nu
Nu0

¼ hDh=λ

0:023Re0:8Pr0:4
ð3Þ

Reynolds, Rotation and Buoyancy numbers in the current
study are calculated by using Eqs. (4) to (6).

Re ¼ ρUDh

μ
¼ ṁDh

Aμ
ð4Þ

Ro ¼ ΩDh

U
ð5Þ

Bu ¼ Tw−Tbð Þ
Tw−Tbð Þ=2 Ro

2 r
Dh

ð6Þ

Also, the friction factor in the numerical simulation is cal-
culated based on the distance between the two pressure trans-
ducers and the passage hydraulic diameter. It can be normal-
ized by the Blasius equation for fully developed turbulent flow
in a circular tube [37].

f
f 0

¼ ΔP
4 L=Dhð Þ 0:5ρU 2

� � � 1

0:079Re−0:25
ð7Þ

The overall thermal performance factor is determined by
dividing the overall averaged normalized Nusselt number by
the normalized friction factor:

TP ¼ Nu=Nu0
f = f 0ð Þ1=3

ð8Þ

This performance factor helps to quantify the balance of the
heat transfer increase against the friction factor penalty and is
helpful for determining the optimal design.

Uncertainty analysis and propagation of error in the current
investigation are estimated using the method by Moffat [44].
Table 1 illustrates the main measured parameters with their
uncertainties in the experiment at Re = 10,000 and Ro = 0.1.
The uncertainty of Reynolds number and Rotation number are
estimated to be around ±3.6% and ± 2.3% based on the accu-
racy of measuring tools. Also, the estimated uncertainty of
Nusselt number is calculated to be within ±7.5%. It is notable
that each test has been repeated at least 3 times.

3 Computational investigation

3.1 Governing equations

The governing equations of fluid flow and heat transfer for
different variables can be expressed as follows.

Continuity equation:

∂ ρui
� �
∂xi

¼ 0 ð9Þ

Momentum equations:

∂ ρuiu j

� �
∂x j

¼ −
∂P
∂xi

þ ∂
∂x j

μþ μtð Þ ∂ui
∂x j

þ ∂uj

∂xi

 ! !
−2ρeijkΩ juk−ρeilmemjkΩlΩ jRk

ð10Þ
where R is the rotation radius.

Energy equation:

cp
∂ρuiT
∂xi

¼ ∂
∂xi

λ
∂T
∂xi

 !
−cp

∂
∂xi

μt

Prt

� �
∂T
∂xi

 !
ð11Þ

In accordance with Refs. [38–40], the k-ω SST model is a
successful model for turbulence modeling in rotational heat
transfer and wall function treatment is used automatically. The
governing equations of this model are specified in Eqs. (12) to
(15):

Turbulent kinetic energy k equation:

∂
∂xi

ρkuið Þ ¼ τ ij
∂u j

∂xi
−β*ρkωþ ∂

∂xi
μþ αkμtð Þ ∂k

∂xi

� �
ð12Þ

Rate of energy dissipation ω equation:

∂
∂x j

ρωuið Þ ¼ γ
υt

τ ij
∂u j

∂xi
−βρω2 þ ∂

∂xi
μþ αωμtð Þ ∂ω

∂x j

� �

þ 2 1−F1ð Þαω2
ρ
ω
∂k
∂xi

∂ω
∂xi

ð13Þ

In Eq. (13), F1 refers to the blending function defined in Eq.
(14), where CDkω and the turbulent eddy viscosity υt are
determined by Eqs. (15) and (16), respectively. F2 and S refer
to the second blending function and the invariant measure of
the strain rate, respectively and F2 is specified by Eq. (17).

F1 ¼ tanh min max

ffiffiffi
k

p

β*ωy
;
500υ
y2ω

 !
;
4σω2k
CDkωy2

 !" #48<
:

9=
;ð14Þ

CDkω ¼ max 2ρσω2
1

ω
∂k
∂xi

∂ω
∂xi

; 10−10
� �

ð15Þ

υt ¼ α1k
max α1ω; SF2ð Þ ð16Þ

F2 ¼ tanh max 2

ffiffiffi
k

p

β*ωy
;
500υ
y2ω

 !" #48<
:

9=
; ð17Þ
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where:

β* ¼ 9

100
;α1 ¼ 5

9
;α2 ¼ 0:44;β1 ¼

3

40
;β2 ¼ 0:0828;αk1

¼ 0:85;αk2 ¼ 1;αω1 ¼ 0:5;αω2 ¼ 0:856

3.2 Field synergy principle and secondary flow
intensity

Mostly, heat transfer enhancement is normally accompanied
by an additional large pumping power due to high flow resis-
tances. The field synergy principle offers a useful tool to study
the relation between fluid flow and heat transfer throughout
the flow field that leads to a development series of novel
enhanced solid boundaries with high energy efficiency.

For three-dimensional turbulent heat transfer without an
internal heat source, the right-hand side is the heat flow rate
between the solid wall and fluid. By transforming the volume
integral to a surface integral, the turbulent thermal conductiv-
ity vanishes at the outer edge of the thermal boundary layer.
Therefore, the integrated time-averaged energy conservation
equation over the entire heat transfer domain Ω is simplified
as:

∭
Ω
ρcp U

!
:∇T

� �
d∀ ¼ ∬

Γ
n!: λeff ∇T
� �

dA ð18Þ

where U
!

and ∇T are the time-averaged velocity vector and the
time-averaged temperature gradients respectively. λeff = λ +
λturb is the effective thermal conductivity, which includes both
fluid and turbulent thermal conductivity resulting from turbu-
lent fluctuations.

Some dimensionless variables are introduced as,

U
!¼ U

!

U
!

in

; ∇T ¼ ∇T
Ts−Tið Þ=δ ; Y ¼ y

δ
ð19Þ

The dot product of velocity vector and temperature gradi-
ent in Eq. (18) can be written as in the following equation:

U :∇T
� �

¼ U
			 			 ∇T			 			cosθ ð20Þ

FromEq. (20), it can be noted that the local synergy angle θ
is the inclination angle between the time-averaged velocity
vector and the time-averaged temperature gradient.
Generally, it is considered to vary from 0 ~ 90 and can be
calculated numerically in the form of,

θi ¼ arccos
ui
∂Ti

∂x
þ vi

∂Ti

∂y
þ wi

∂Ti

∂z

Ui
			 			 ∇Ti

			 			
								

								
¼ arccos

U :∇T

U
			 			 ∇T			 			

0
B@

1
CA
ð21Þ

Similarly, the area-weighted average synergy angle is giv-
en by:

θ ¼ ∭
Ω
θd∀=∭

Ω
d∀ ð22Þ

where d∀iis the cell volume of each control volume. It should
be noted that of the velocity vector is parallel to the tempera-
ture gradient (synergy angle equal zero) a fully-synergized
flow field is valid and it is an ideal case for convective heat
transfer [43], Therefore, a phenomenon leading to a decreas-
ing synergy angle can improve convective heat transfer.

Table 1 Measured values and estimated uncertainty in the investigated channel in the case Re = 10,000, Ro = 0.1

Parameter Instrument Uncertainty correlations Uncertainty

Volumetric Flow Rate, Q (m3/h) Rotameter – ±4%

Voltage, V (Volt) Voltmeter – ±0.05%

Rotational Speed, Ω (RPM) Inverter Drive – ±1.2%

Bulk Temperature, Tb(C) T-type thermocouples – ±1%

Wall Temperature, Tw(C) T-type thermocouples – ±1%

Heat flux, q˝(W/m2) –

� δq″

q″ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂q″
∂V � δV
� �r

2 þ ∂q″
∂R � δR
� �

2

±0.7%

Reynolds number, Re –

� δRe
Re ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂Re
∂Uin

� δUin

� �r
2

±3.6%

Rotation number, Ro –
� δRo

Ro ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂Ro
∂Ω � δΩ
� �q

2 þ ∂Ro
∂Uin

� δUin

� �
2

±2.3%

Nusselt number, Nu –

� δNu
Nu ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂Nu
∂q″ � δq″
� �r

2 þ ∂Nu
∂ Tw−Tbð Þ � δ Tw−Tbð Þ
� �

2

±7.5%
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On the other hand, secondary flow generated by Coriolis
force and angled rib turbulators plays a significant role on the
heat transfer enhancement. Song et al. [47] presented a non-
dimensional number, Se, to assess the intensity of the second-
ary flow. The local intensity of the secondary flow, Ses (x), is
given as follows:

Ses xð Þ ¼ ρD2
h

μ
∬
Γ

ωnj jdAdx=∬
Γ
dAdx ð23Þ

where, ω is the vorticity and ωn is the normal component of
ω to the cross section.

By integration of the local intensity of the secondary flow,
Ses(x), over the entire volume, the volume average value of Se
can be obtained as follows:

Se ¼ ρD2
h

μ
∭
Ω

ωnj jd∀=∭
Ω
d∀ ð24Þ

3.3 Description of physical models

The computational domain is set up as the rotation test chan-
nel but it is a little extended in length. The model is a square
smooth channel with a hydraulic diameter of 40 mm. A heat

flux is applied on two surfaces of the leading and trailing edge
exactly as in the experiment.

As mentioned before, according to the investigation of ref.
[38–40] on heat transfer in a smooth and rib roughened chan-
nel for both stationary and rotating conditions, the simulations
by the RANS SST-k-ω model corresponded well with exper-
imental results. Thus to satisfy the wall requirements of the
k-ω SST model, the grids near the wall boundary are very
refined to obtain y-plus values around 1.0. A non-uniform
mesh distribution is adopted based on a numerical study for
a grid independent solution and then the total number of con-
trol volumes for the whole channel is selected to be 3.6 M.

Table 2 illustrates the mesh independence study at a
Reynolds number of 10,000 and heat flux of 8000 W/m2 in

Table 2 Grid independence study

Number of cells Average Nusselt Number Pressure drop (Pa)

1,420,000 31.25 80.19

2,150,000 31.76 80.59

2,550,000 31.94 81.25

3,120,000 32.01 81.73

3,650,000 32.18 81.91

4,470,000 32.35 82.05

sehsemderutcurtS)b(noitarugifnoC)a(
Fig. 3 Computational channel
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1
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1.4

Current Numerical Study
Experimental Data [41]

Fig. 4 Comparison between the numerical and experimental steamwise
velocity in the rotating channel
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stationary condition. Six mesh systems of a computational
model with 1.4 M, 2.1 M, 2.5 M, 3.1 M, 3.6 M and 4.4 M
meshes were applied for the independence study, respectively.
For all the mesh studies, the pressure drop and the averaged
Nusselt number were obtained and changes less than 0.5%
were considered acceptable. Thus, the 3.6 M mesh is selected
in the present study.

The computational channel and the structured meshes are
demonstrated in Fig. 3.

3.4 Boundary conditions

A constant heat flux is applied on the leading and trailing
walls and all walls are considered as no-slip walls. The

thermal boundary conditions for other walls such as the two
vertical walls of the rectangular U-bend duct are zero heat
flux, i.e., adiabatic conditions. Also, an adiabatic condition
is applied for the inlet-extended part of the channel. A constant
mass flow rate of air with a uniform temperature 293.15 K are
applied at the inlet of channel. In accordance with the exper-
iment, the inlet turbulence intensity level is set as 4%. The
Reynolds number in all case studies is constant at 10,000
based on the channel hydraulic diameter. According to the
aforementioned Reynolds number, the fluid flow can be con-
sidered as incompressible. The rotation number is changed
from 0 to 0.25. The outflow boundary condition is set as an
average static pressure of 1 bar. The flow in the computational
channel is 3D-dimensional, turbulent, steady and rotating

X/D

N
u/
N
u 0

2 4 6 8 100.5

1

1.5

2

2.5
Current Num. Study (Stn)
Current Num. Study-TW-(Ro=0.1)
Current Num. Study-LW-(Ro=0.1)
Current Exp. Study (Stn)
Current Exp. Study-TW-(Ro=0.1)
Current Exp. Study-LW-(Ro=0.1)

Fig. 5 Comparison between the numerical and experimental axial
distributions of normalized Nusselt number in the rotating channel

lennahcgniraoR)b(lennahcgniraor-noN)a(

Fig. 6 Secondary flow pattern in the first pass, second pass and U-turn region and compaction with images of the flow visualized with LLSV by Elfert
et al. [42] for rotation and non-rotation state
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condition. ANSYS FLUENT 17.0 is employed to solve the
governing equations. The discretized equations are solved by
the SIMPLE algorithm. Second order difference formulae are
selected for discretization of energy and momentum equa-
tions, turbulent kinetic energy and dissipation rate equations.
To achieve converged solutions of the transport equations a
series of appropriated relaxation factors been used.

4 Results and discussions

4.1 Data validation

Before the presentation and analysis of the numerical study
and to guarantee the reliability, spanwise velocities at rotation

condition and Nusselt numbers in non-rotating and rotating
state are validated with experimental data. Because the men-
tioned rotating facility in the present study is only equipped to
measure the Nusselt number in stationary and rotation condi-
tions, the spanwise velocities at rotation condition are com-
pared with the experimental data reported by Chen et al. [41].
Figure 4 presents the computed fluid flow results for the
streamwise velocity at a Reynolds number of 10,000 and a
Rotation number of 0.15. Comparison with experimental data
[41] at the same condition is provided. The acceptable agree-
ment between the present numerical study and experimental
data expresses a good choice of the numerical treatment such
as mesh density, turbulence modeling and etc.

In Fig. 5, a comparison between experimental and compu-
tational axial distributions of the normalized Nusselt number
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at a Reynolds number of 10,000 in non-rotating condition and
a Rotation number of 0.1 for the leading and trailing walls.
Although, there are slight differences between our experimen-
tal data and our numerical results near the end of the first pass
of the U-Turn channel, good agreement between experimental
and predicted value is found. This ensures the sufficient accu-
racy of the present study. Also, a more validation between
experimental and numerical thermal performance is visible
in Fig. 22 as well.

4.2 Fluid field study

Figure 6(a) shows corner a vortex at the top end of the first
pass and a separation bubble in the second pass, also second-
ary flow induced by the turn is depicted in this Fig. in the non-

rotating condition. Figure 6(b) displays the secondary-flow
pattern in the cross-section at the outward flow first pass and
inward flow second pass under rotation conditions. The im-
ages of the flow visualized with LLSV by Elfert et al. [42] are
attached for comparison. It is evident that the flow in the
smooth channel is influenced mainly by the bend around the
U-turn. The centrifugal forces cause a secondary flow devel-
opment of two counter-rotating vortices as illustrated in
Fig. 6(a). Furthermore, because of the Coriolis force, a pair
of vortices with secondary flow is generated symmetrically at
the first pass of the rotating channel, but in the second pass, the
specific separation and a dedicated vortex occur due to the U-
bend disturb the Coriolis secondary flow. Undoubtedly at the
first part of the second channel, the bend induced vortices
dominate the whole cross section.
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The Streamwise velocity profiles for the outward flow in
the first pass of a rotating smooth channel are plotted in Fig. 7.
Reynolds number is 10,000 and Rotation number is varied
from 0 to 0.2. It is obvious that the flow is pushed from the
leading wall to the trailing wall for the reason of the Coriolis
vortex pairs. It is noteworthy that the overall relative devia-
tions and skewness are diminished as the rotation number is
increased quantitatively. This is in agreement with the find-
ings of Chen et al. [41] in their experiments.

Figures 8 (a) and (b) show the effect of the rotation force
and rotational buoyancy force on the axial velocity skewness
in outward flow in the first pass and inward flow in the second
pass of the rotating smooth channel, respectively at Re =
10,000 and Ro = 0 and 0.2 and DR = 0 and 0.5, Indeed, these
Figs. compare the axial velocity at stationary condition, rota-
tion condition with only Coriolis force and rotation condition
with both Coriolis force and centrifugal buoyancy force. An
interesting point about the axial velocity skewness in the first
pass in Fig. 8 (a), is the coincidence of the rotation force and
rotational buoyancy force. This can amplify both effects to
misguide the flow from the leading wall to the trailing wall.
But in the second pass in Fig. 8 (b), the rotation force and
rotational buoyancy force have opposite effects on the axial
velocity deviation and thus makes the flow distribution more
uniform. This will be used subsequently to justify the differ-
ence in heat transfer enhancement between the first and sec-
ond passages of the square smooth channel under rotation
condition.

4.3 Heat transfer study at trailing and leading walls

Figures 9 (a) and (b) illustrate the local heat transfer results as
axial distributions of the normalized Nusselt number ratio ver-
sus x/D at the trailing and leading wall at outward flow in the
first pass of the U-turn channel for Re = 10,000 and four dif-
ferent Rotation number of 0.05, 0.1, 0.15 and 0.2,
respectively.

The numerical results of the stationary condition for both
walls at the same heat flux condition are also included as a

solid continuous curve for comparison with the rotating data.
In general, in the first passage, the heat transfer enhancement
is high at the inlet channel and then begins to decrease in the
streamwise direction due to the growing of the boundary layer
thickness. Also, along the trailing wall at the first passage, the
numerical result predicts great heat transfer enhancement as
the rotational speed increases. In some cross sections of the
trailing surface, this enhancement of the normalized local heat
transfer can reach about 1.5 times the non-rotating state at
Rotation number of 0.2 and Re = 10,000.

Furthermore, in accordance with Fig. 9 (b) at the leading
wall of the first passage, rotation causes the heat transfer to fall
below the stationary case along the channel and in some cross
sections, the Nu/Nu0 ratio is 35% lower than the non-rotating
case. Also, at the leading wall, from x/D = 10 and above, the
decrease in heat transfer does vary with increasing Rotation
number, in contrast to the trailing wall. The difference in heat
transfer coefficient on the leading and trailing surfaces be-
tween rotating and stationary conditions is assigned to the
cross section secondary flow vortices generated by the
Coriolis force and amplified by the centrifugal buoyancy
force. In fact, because of the Coriolis force, a pair of vortices
with secondary flow is generated symmetrically and by these
the main flow is pushed from the leading wall to the trailing
wall. Therefore, the boundary layer thickness at the trailing
wall is decreased while at the leading wall it is increased.

Figures 10 (a) and (b) display the rotation effects on the
average Nusselt number ratio in the outward flow in the first
pass at the trailing wall and leading wall, respectively at Re =
10,000 and at three different Inlet Density Ratios. Rotation
number is varied from 0 to 0.25. Similarly, variation of the
average heat transfer ratio versus Rotation number variation
are depicted in Figs. 11 (a) and (b) for the trailing and leading
surface of radially inward flow in the second pass from the U-
turn channel at the aforementioned conditions. For a square U-
turn channel, it can be easily seen that Nu/Nu0 increases dra-
matically with rotation number at the trailing wall in the 1st
passage and at the leading wall in the 2nd passage. In the first
passage Nu/Nu0 at the trailing surface increases by 20% to

Table 3 Numerical average
synergy angles at Re = 10,000
and DR = 0.05

Ro=0 Ro=0.05 Ro=0.1 Ro=0.15 Ro=0.2 Ro=0.25

First Passage 89.02 83.48 78.35 75.07 72.56 70.58

Second Passage 88.80 87.74 86.69 84.92 83.98 83.05

Table 4 Numerical average
synergy angles at Ro = 0.05 and
DR= 0.5

Re=5000 Re=10,000 Re=20,000 Re=30,000 Re=40,000

First Passage 83.74 83.48 82.44 82.13 82.29

Second Passage 89.71 89.43 89.22 89.15 87.20
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40% depending on various Density Ratio at Ro = 0.25 from
its stationary value. In the second passage, the correspond-
ing increase in Nu/Nu0 with rotation is only maximum
18% at Ro = 0.25 as shown in Figs. 10 (a) and 11 (b). On
the other hand, Figs. 10 (b) and 11 (a) indicate that there is
a gradual decrease of 12% in average Nu/Nu0 as rotation is
increased to 0.25 at the leading wall at the 1st passage and
a relative stable average Nu/Nu0 at trailing wall in the 2nd
passage.

Undoubtedly, the large increase in Nu/Nu0 allocated at the
trailing wall in the first passage is due to the Coriolis-induced
secondary flows and extra generation buoyancy-driven vortex
in this channel. Also, due to rotation direction and flow direc-
tion, the directional Coriolis force in the first passage is dif-
ferent from that in the second passage. Accordingly, in the
first passage the main flow is pushed from the leading wall
to the trailing wall and in the second passage, the main flow is
pressed from the trailing wall to the leading wall. Therefore, as
expected, the Nusselt number variation on the trailing wall at
first passage has qualitatively a behavior similar to that on the
leading wall at second passage. Similar behavior occurs for
the leading wall at first passage and trailing wall at second
passage. It should be noted that because the bend is inducing
dominating vortices, the Nusselt number in the second pass is
larger than the corresponding value in the first pass for all
rotation numbers.

4.4 Field synergy principle study

In addition to present heatlines principle, the field synergy
principle is used to study the effect of both the velocity and
the temperature fields on the heat transfer performance in a
boundary-layer flow. Indeed, the hydrothermal performance
of convective heat transfer is influenced by the magnitudes of
both the temperature gradient vector and the velocity vector
and even the intersection angle between these aforementioned
vectors [33, 50]. Thus, Field Synergy Principle investigation
for the convective heat transfer in the two-pass square smooth
channel is presented in this section. Secondary flows generat-
ed by Coriolis forces and rotational buoyancy force and also
bend induced vortices play an important role on the heat trans-
fer augmentation. Figures 12 and 13 show the distributions of
the temperature and velocity vectors in cross sections along
the channel in the first and second passage, respectively, at the

Fig. 12 Temperature gradient vector and Temperature contour in a cross
section along the channel

Table 5 Numerical average synergy angles at Re = 10,000 and Ro =
0.05

DR=0.1 DR=0.3 DR=0.5 DR=0.8 DR=0.8

First Passage 83.56 83.53 83.48 83.53 83.53

Second Passage 89.88 89.41 89.43 89.70 89.41

Fig. 13 Velocity vectors contour in a cross section along the channel
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Reynolds Number of 10,000 and Rotation Number of 0.1. By
considering Eq. (22), the field synergy angle analysis is cal-
culated with a post-processor in-house code based on varying
Rotation number, Inlet Density Ratio and Reynolds number.
Tables 3, 4 and 5 present the variation of the synergy angle
with Rotation number, Reynolds number and Density Ratio
(as a representative of the Buoyancy number effect) respec-
tively. The aforementioned variations and corresponding
Nusselt number in each case studies are plotted in Figs. 14
to 16.

According to Fig. 14, it is clear that in the 1st pass, the
synergy angle decreases considerably from 89.02 to 70.58 as
the Rotation number changes from 0 to 0.25. Also in the 2nd
passage, the synergy deviates slightly from a perpendicular
angle by changing the rotation. Indeed, the flow by the

Coriolis-induced vortex pair leads to an increase of the fluid
bulk motion from the boundary layer zone to the central core
region and vice versa. Therefore, in the 1st pass, it can im-
prove the synergy between the velocity and the temperature
gradients as the basic mechanism for enhancing convective
heat transfer, but in the 2nd pass, the Coriolis secondary flow
cannot improve the synergy because of dominating bend vor-
tex. These variations are exactly in compliance with Nusselt
number variation by Rotation number in the first and second
passages.

Moreover, according to Fig. 15, the changes of Reynolds
number decrease the synergy angle slightly around 2%, while
the turbulence properties are increased as the Reynolds num-
ber is increased and because of this, the heat transfer is en-
hanced dramatically with Re, but the field synergy principle
does not show a considerable improvement in synergy angle
with Re. This behavior is repeated in Fig. 16 as the Density
Ratio increases. The changes of the Density Ratio, which af-
fect the centrifugal buoyancy, do not have any remarkable
influence on the synergy angle in the first and second pas-
sages, while the average Nusselt number increases with an
increase in the Density Ratio. It seems that the synergy angle
maybe has no close physical relation to heat transfer enhance-
ment and it cannot predict correctly any factors that cause an
increase heat transfer.

4.5 Secondary flow intensity

Figure 17 illustrates the contour plots of the secondary flow
intensity at two cross sections of the first and second passages
of the channel in stationary and rotating condition. The cross
section stream lines are also included. According to Fig. 17
(a), in a stationary channel, the secondary flow intensity in the
1st pass is approximately zero but in the 2nd pass it will be
considerable and the highest secondary flow intensity are co-
inciding with the streamline of the induced vortex by the bend
effect. In a rotation state, the symmetrical pair vortices gener-
ated by Coriolis forces increase the secondary flow intensity
10 times in the 1st pass and to 2 ~ 3 times in the 2nd pass as
shown in Fig. 17 (b).

Figures 18 to 20 present the variation of the volume aver-
age of the secondary flow intensity as a function of Rotation
number, Reynolds number and Density Ratio, respectively.
For further comparison, the Nusselt number variation in all
case studies are also included in these Figures. Referring to
Fig. 18, the values of Se increase by an increase of Rotation
number in both passages. Also the magnitude of Se in the
second pass is larger than Se in the first pass which matches
the high Nu value in the second pass compared to the first
pass. This consistency is evident in the decrease of Nu and
Se in the 2nd pass at Ro = 0.25. Also the percentage of vari-
ations in Nusselt number and secondary flow intensity are
quite in compliance as Reynolds number increases in the first
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and second passages as depicted in Fig. 19. According to
Fig. 20, despite the increase of the heat transfer coefficient
with an increase of the Density Ratio, the secondary flow
intensity remains relatively constant.

This means that for the heat transfer field, the secondary
flow intensity criterion can predict better than the field syner-
gy principle criterion and the effects of factors such as Re, Ro
or geometric vortex generator, which substantially create or
increase the secondary flow, can be covered accurately with
the secondary flow intensity criterion.

4.6 Thermo-hydraulic performance factor

Figures 21 and 22 show friction factor ratio and thermal per-
formance factor at constant Reynolds number of 10,000 and
different Rotation number of 0 to 0.25. The pressure drops are

calculated based on inlet and outlet pressure in the rotating U-
turn channel and normalized by Eq. (7) and then are combined
with the Nu/Nu0 to obtain thermal performance factors by Eq.
(8).The friction factor ratio displays a very small fluctuation
and remains relatively constant with altering Rotation number
whereas the thermal performance factor increases with rota-
tion due to increasing Nusselt number ratio and then remains
fairly flat at around Ro = 0.2 and 0.25. Basically, it is obvious
that rotation has no major influence on the friction factor.

5 Conclusions

The rotation effects on flow and heat transfer in a square
smooth U-turn channel have been explored in the present
study at various Rotation number, Reynolds number and
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Fig. 17 Secondary flow intensity contours at first and second pass of channel l
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Density Ratio numerically. A field synergy principle and sec-
ondary flow intensity analysis are consistent with the numer-
ical results as well. Due to the comprehensive numerical re-
sults, the conclusions can be pointed out as follows:

1) The Coriolis force and rotational buoyancy force are two
inevitable force in a rotating channel and it makes heat transfer
to increase on the trailing edge and vice versa on the leading.

2) The symmetrical pair of secondary flows induced by
Coriolis force and dean vortex generated by turn are two dom-
inated factors for improvement of average Nusselt number in
first and second passages.

3) Coriolis-induced secondary flows can considerably im-
prove the synergy angle. This is the reason why the rotation
affects the heat transfer enhancement. However, the heat
transfer improvement due to Reynolds number and Density
ratio is not predictable by the field synergy principle analysis.

4) The secondary flow intensity increases by the Rotation
and Reynolds numbers and it reveals a close relationship be-
tween Nu and Se.
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