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Simulation is carried out to find the performance of airfoil E216 using Transition c� Reh model at
Reynolds number of 100,000. Flow behaviour and effect of angle of attack (AOA) on laminar separation
bubble (LSB) formation are examined. The results are validated with wind tunnel experimental results.
LSB formation is clearly spotted in the velocity vector plot and coefficient of pressure distribution over
airfoil. LSB moved upstream towards the leading edge with increase in AOA. Effect of boundary layer trip
on LSB formation over the airfoil and performance of airfoil are studied. Two different trip locations, 17%
of chord and 10% of chord from leading edge, and different trip heights (0.3 mm, 0.5 mm, 0.7 mm, 1 mm)
are investigated in this study. Results showed that boundary layer trip could eliminate LSB partially or
completely and improve aerodynamic performance of the airfoil. Maximum improvement in drag by
15.48% and lift to drag ratio by 21.62% are obtained at angle of attack of 60. In all the cases, improvement
in performance is observed only up to trip height of 0.5 mm.
� 2018 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Renewable energy sources are becoming popular in the energy
sector and wind energy is one of the fastest growing sustainable
energy resources. Small scale wind turbines (SSWTs) are the sys-
tems with rotor swept area 6 200m2 with generated power
6 50kW [1]. SSWTs are preferred for low windy sites as indepen-
dent or micro grid feeders [2,3] and can be installed even in remote
locations where conventional power sources cannot be adopted.
Poor wind velocity spectrum in the site and small rotor area of
the turbine, make it to operate in-low Reynolds number (Re)
ð104 6 Re 6 105Þ [4,5]. In low Reynolds number (Re) flow, the flow
is initially laminar and attached over the airfoil. Low energy in such
flows creates high adverse pressure gradient (APG) making the
laminar boundary layer to separate from the airfoil surface. The
separated shear layer is unstable and makes transition from a lam-
inar to turbulent shear layer. Once the turbulent shear layer has
gained sufficient energy, separated flow reattaches to the airfoil
surface as turbulent boundary layer, leaving a dead or re-
circulating air zone between separation point and reattachment
point, called laminar separation bubble (LSB) [6]. The LSB forma-
tion induces pseudo thickness to airfoil surface and increases air-
foil drag which deteriorates aerodynamic performance of SSWT
[7]. By mitigating LSB formation, aerodynamic performance of
the SSWTs can be improved [8].

The most effective methods of LSB elimination currently in use
involve, forcing premature turbulent transition of the boundary
layer by means of vortex generators making it less likely to sepa-
rate [9]. Many flow control methods are being developed to reduce
the effects of the LSB and improve the aerodynamic performance of
airfoils [10]. Passive flow control methods such as grits, wires,
boundary layer trips (BLT) and dimples are the most acceptable
techniques for wind turbine application due to its less complexity
compared to active flow control methods. Key idea of the passive
techniques is to trip the boundary layer – forcing the boundary
layer from a laminar state into a turbulent state, to re-energize
the flow so that the flow remains attached. BLT is a kind of obstacle
in the flow which causes flow disturbance and convert laminar
flow to turbulent, prior to LSB formation [11]. Many researchers
studied the performance and effectiveness of different kind of
BLT on various airfoils at different flow condition. Tim et al. [12]
tested Clark Y12 airfoil with BLT in various chord-wise locations
and at different Re between 62,000 and 209,000. They found that
for higher Re any BLT applied to the airfoil caused significant
increase in drag than lift and the use of BLT is restricted up to Re
135,000. Bai et al. [13] and Gopalarathnam et al. [11] also reported
similar results. In a low Re study ð40;000 6 Re 6 1;20;000Þ
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List of symbols
c Chord length,m
Cp Coefficient of pressure
Cd Drag coefficient
Cl Lift coefficient
Cn Normal force coefficient
h Pressure head in column of water, m
k Turbulent kinetic energy, m2=s2

Re Reynold number based on chord length
Reh Momentum thickness Reynolds number
Rehc Critical Reynolds number
Reht Transition onset momentum thickness Reynolds num-

berfReht Local transition onset momentum thickness Reynolds
number

Rev Strain rate (vorticity) Reynolds number
ReT Viscosity ratio Reynolds number
S Strain rate
x=c Axial distance over airfoil along axial chord
yþ Non dimensional wall distance

Greek symbols
a Angle of attack, 0

c intermittency

lt Eddy viscosity, m2=s
l Molecular viscosity, Pa.s
X Absolute value of vorticity
q Density, Kg=m3

x Specific turbulence dissipation rate, s�1

Suffix
1 Free stream entity
0 Static entity
t Transition onset
s Streamline

Abbreviations
AOA Angle of attack
CFD Computational fluid dynamics
LSB Laminar separation bubble
2D Two dimensional
3D Three dimensional
SIMPLE Semi-implicit method for pressure-linked equations
SSWT Small scale wind turbines
RANS Reynolds averaged Navier–Stokes
Re Reynolds number
TKE Turbulent kinetic energy
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conducted by Jones et al. [14] on E423 airfoil, the tape trips
improved lift at low angles of attack (AOA) and higher Re range.
But drag reduction was observed at lower Re number condition
only. Unlike the previous studies, Lance W. Traub [15] reported
reduction in lift for most of the cases he studied and improvement
in drag was also observed. It implies that the performance of BLT is
airfoil dependent and its applicability depends on the relative
advantage between lift and drag coefficients and hence effect on
Cl=Cd ratios should be studied. For better performance of the BLT,
geometry and position of trip should be such that the flow transi-
tion to turbulent should be completed within the separation bub-
ble and not after the reattachment [16]. BLT can be sigle 2D trip to
multiple complex 3D trip. Multiple as well as 3-D trips produced
no clear benefit over single 2-D plain trips [17]. On airfoils with lar-
ger separation bubbles, relatively thin trips are more effective in
reducing drag. So plain 2D trips are more popular because of sim-
ple structure and easy fabrication. Hence detailed study on plain
2D trip is carried out in this paper.

Wind tunnel experiments are quite expensive and require
sophisticated instruments to accurately capture flow pattern and
visualize LSB. With well developed modern CFD methods and com-
putational power, turbulent and transitional flow can be modelled
effectively and accurately [18–23]. Application of numerical simu-
lation can provide deep insight into the flow physics behind LSB
and other aerodynamic effect on the performance of airfoil. Due
to limited computational requirement, Reynolds Averaged
Navier–Stokes (RANS) methods are more efficient and feasible
CFD simulation tool for analysing complex flow phenomena. How-
ever widely used RANS models such as k�x; k� e, etc assume a
fully turbulent regime in entire flow field. Such models are unable
to predict the boundary transition and modelling of LSB becomes
challenging [19]. At the same time, models such as large eddy sim-
ulation (LES) and direct numerical simulations (DNS) are found be
predict LSB accurately but these methods are computationally
demanding and requires a long calculation time [24–26,23]. Dha-
wan and Narasimha [27] first introduced the concept of intermit-
tency ðcÞ to predict transition and Menter et al. [28] proposed a
transition model based on c which could easily be coupled with
general CFD codes and consequently been widely used. This model
is reported to have a distinct advantage of associating transition
modelling with experimental data [29–32] and the same turbu-
lence model is used in the present study.

Application of BLT are less documented for SSWT. At low Re, air-
foil’s thick boundary layers and viscous effects are complicated by
the presence of laminar transitional bubbles [15]. Only limited
simulation works have been reported on the effect of BLT over
low Re airfoils. Location of LSB formation and its aerodynamic
behaviour varies from airfoil to airfoil and no general predictions
are available so far. To use an airfoils for certain application,
detailed aerodynamic studies are required to assess its perfor-
mance. Preliminary aerodynamic analysis of airfoils for low Re
(100,000) carried out using Xfoil [33,34] indicated that E216 gives
high lift to drag ratio at low Re. This makes E216 a good candidate
for SSWT. Experimental or numerical results for E216 are limited in
literature. Further, LSB formation and its elimination by BLT is air-
foil specific. Hence the present work aims to do a detailed aerody-
namic analysis and flow structure study including LSB formation
for E216 airfoil. The study also includes the possibility of elimina-
tion of LSB, if any, using BLT. To understand the physics behind the
aerodynamic behaviour with use of BLT, the flow structure around
the BLT and flow pattern downstream of the BLT is analysed.

In this article, 2D numerical simulation using ANSYS FLUENT
15.0 is carried out to model LSB formation over the airfoil E216
and the flow behaviour for different AOA are analysed at Re of
100,000 using Menter’s c� Reh transition model. Simulation
results are validated with wind tunnel experiments. Effect of BLT
placement and heights are evaluated for different AOA, with per-
formance characterization accomplished through the simulation.
Effect of trip on the boundary layer formation over airfoil and flow
around the trip are elucidated for different locations and AOA.
2. Methodology

Airfoil E216 (Fig. 1) is a cambered low Re airfoil suitable for
SSWT with maximum thickness of 10.4% at x=c ¼ 26:2% and cam-
ber of 4.7% at x=c ¼ 59%. Power generation from wind turbine
blade is proportional to Cl=Cd ratio [35]. The airfoil is selected



Fig. 1. E216 airfoil profile.
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based on the highest Cl=Cd ratio among the considered airfoils for
xfoil analysis [33] at Re of 100,000.

2.1. Experimental and measurement techniques

Experiments are conducted in the subsonic open wind tunnel
facility in Aeronautical department of Srinivas Institute of Technol-
ogy, Manglore (Fig. 2). The tunnel has 600 mm times 600 mm
times 2000 mm square cross section with jet uniformity within
1% in the core. The wall boundary layer is approximately 5 mm
thick. In the empty test section, the turbulence level is measured
to be less than 0.12% over the tunnel operating range.

Airfoil model is made up of fibre reinforced plastic (FRP) with
150 mm in chord length and 600 mm in span. Model is mounted
horizontally in the test section. The model is provided with 28
pressure taps of 0.5 mm internal diameter located near the mid-
span. 19 pressure taps are located on suction side and 9 taps are
located on pressure side as given in Table 1. The taps are connected
internally to 0.5 mm SS tubing that exits the model through the
centre of 10 mm diameter steel tube provided along the span. Pres-
sure measurements are made using HTC make PM-6202 model
electronic differential manometer with measurement range of
�2psi and accuracy of�0:3%. The maximum blockage in the tunnel
during experiment due to airfoil model is 7%. The blockage correc-
tions are not made on the experimental results, because the block-
age effects on the experimental results are negligible when the
blockage ratio is less than 10% [36,37].
Fig. 2. Wind tunnel exp

Table 1
Distance of pressure ports (in mm) from leading edge of the airfoil

Upper sur

Port No. 1 2 3 4 5 6 7 8 9
Location (mm) 0 1.5 3 4.5 6 9 12 15 18

Lower sur

Port No. 20 21 22 23 24 25 26 27 28
Location (mm) 6 12 23 41 59 78 97 117 13
2.2. Experimental uncertainties

Uncertainty of electronic manometer used in the experiment for
measuring pressure is ±0.3%. Uncertainty in derived quantity is cal-
culated as explained in reference [38] and are given in Table 2.

2.3. Computational method

ICEM-CFD is used in the study to create geometry and mesh.
Computational domain used for the simulation is shown in Fig. 3.
Total length of the computational domain is set to 25 times the
chord length to achieve fully developed flow, whereas the width
is kept to 20 times [39]. The resolution of the mesh is higher in
the region close to the airfoil where greater computational accu-
racy is needed, shown in Figs. 4 & 5. As per the requirements of
the turbulent models used, the height of the first cell adjacent to
the surface is set such that it results in yþ value less than one.

Boundary conditions used during the simulations are as fol-
lows: on the airfoil – no slip condition, velocity inlet,wall boundary
condition at top and bottom boundaries and pressure outlet. Free
stream temperature is set to 308 K, same as the environmental
temperature in which baseline experiments were carried out.
Other properties of the fluid are calculated accordingly. For Re of
100,000, and airfoil chord length of 0.15 m, free stream inlet veloc-
ity of air is calculated to be 10.08 m/s. Flow is considered as incom-
pressible. To solve momentum equations semi-implicit method for
pressure linked equations (SIMPLE) algorithm [31] and second
erimental facility.

face
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Table 2
Uncertainty in the experiment for
derived quantities.

Quantity Uncertainty (%)

Cp ±0.43%
Velocity ±0.03%
Re ±1.09%
Cl ±1.21%
Cd ±0.21%

Fig. 3. Far view of structured grid in the domain with boundary conditions.

Fig. 4. Close view of dense grid around the airfoil.

Fig. 5. Grid configuration near to BLT.
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order upwind spacial discretization is employed in the calcula-
tions. Least square cell based spacial gradient is set for spacial gra-
dient. Residual target value of 10�6 is set as convergence criteria.

2.4. Turbulence model

Langtry-Menter 4-equation Transitional SST Model or c� Reh –
SST model is used in the study [29]. It is based on the two-equation
k�x SST model, augmented by two additional equations, one for
intermittency ðcÞ and another for transitional Reynolds number
(Reht) to describe the laminar-turbulent transition process. Inter-
mittency term is employed to activate the production term of the
turbulent kinetic energy (TKE), downstream of the transition point
in the boundary layer, and the Transition Reynolds number term
captures the non-local effect of the turbulence intensity [29]. The
governing equations involved in this analysis are listed below
[29,31,32].

The transport equation for the intermittency term c is given in
Eq. (1).

@ðqcÞ
@t

þ @ðqUjcÞ
@xj

¼ Pc1 � Ec1 þ Pc2 � Ec2 þ @

@xj
lþ lt

rc

� �
@c
@xj

� �
ð1Þ

The transition source terms in the Eq. (1) are,

Pc1 ¼ 2FlengthqS½cFonset �cc3 ð2Þ

Ec1 ¼ Pc1c ð3Þ
where S represents the starin rate magnitude and Flength is an empir-
ical correlation that controls the length of the transition region.
Destruction source terms are given by,

Pc2 ¼ ca2qXcFturb ð4Þ

Ec2 ¼ ce2Pc2c ð5Þ
here X represents vorticity magnitude. The functions which control
transition onset, Fonset are:

Rev ¼ qy2S
l

ð6Þ

RT ¼ qk
lx

ð7Þ

Fonset1 ¼ Rev
2:193Rehc

ð8Þ

Fonset2 ¼ min max Fonset1; F
4
onset1

� �
;2:0

� �
ð9Þ

Fonset3 ¼ max 1� RT

2:5

� �3

;0

 !
ð10Þ

Fonset ¼ max Fonset2 � Fonset3;0ð Þ ð11Þ

Fturb ¼ e�
RT
4

� 	4
ð12Þ

here Rehc is the critical Reynolds number where the intermittency
first starts to increase in the boundary layer and y is wall distance.

This may find upstream of the transition Reynolds number eReht and
the difference between the two must be obtained from an empirical
correlation. Both the Flength and Rehc correlations are functions ofeReht . The terms Rev is the strain rate Reynolds number, k is the
TKE, x is specific turbulence dissipation rate and ReT is viscosity
ratio Reynolds number. The value of constants used in the intermit-
tency equations are, cc1 ¼ 0:06; ce2 ¼ 50; cc3 ¼ 0:5 and rc ¼ 1:0.

Equation for transition momentum thickness number, gReht , is
given by Eq. (13).

@ðqgReht Þ
@t

þ @ðqUj
gReht Þ

@xj
¼ Pht þ @

@xj
rht lþ lt

� 	 @gReht
@xj

" #
ð13Þ

where Pht ¼ cht
q
t ðReht � gReht Þð1:0� FhtÞ; t ¼ 500l

qU2 and Fht is the blend-

ing function used to turn off the source term in the boundary layer
[31,29,32].
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Values of the constants in the Eq. (13) are, cht ¼ 0:03 and
rht ¼ 2:0. In the present work to get better and reliable results,
the following values are used in the simulations [40,32];

cht ¼ 0:02; rht ¼ 3:0:
2.4.1. Separation – Induced transition correction
Separation-induced transition can be re written as,

csep ¼ min 2:max
Rev

3:235Rehc

� �
� 1;0

� �
Freattach;2

� �
Fht ð14Þ

where

Freattch ¼ e�
RT
20

� 	4
; ð15Þ

ceff ¼ maxðc; csepÞ ð16Þ

Fig. 7. Cl and Cd results obtained from experiment and simulation as a function of
AOA.
2.4.2. Coupling the transition model with SST transport equations
The transition model interacts with the SST turbulence model

with modification in the k-equation as below:

@ðqkÞ
@t

þ @ðquikÞ
@xi

¼ @

@xi
Ck

@k
@xj

� �
þ G�

k � Y�
k þ Sk ð17Þ

where,

Y�
k ¼ min max ceff ;0:1

� �
;1:0

� �
Yk ð18Þ

and

G�
k ¼ ceff Gk ð19Þ

where Yk and Gk are the terms representing original destruction and
production respectively for the SST model. The production term in
the x-equation is used without any modification.

For grid independence test five meshes are prepared with num-
ber of grid cells ranging from 1,0,000 to 6,10,000 and simulations
are carried out for AOA of 60 and the results are shown in Fig. 6.
After around 4,75,000 grid cells there is no significant variation
in lift coefficient and hence it is considered as appropriate mesh
size for further simulations.

3. Results and discussion

Extensive simulations studies are carries out on baseline airfoil
E216 at different AOA Re of 100,000 using ANSYS-FLUENT 15.0 and
are compared with experimental results obtained from wind tun-
Fig. 6. Variation of Cl and Cd of the airfoil for different grid number at AOA of 60.
nel study to validate the computation approach. Experimental or
numerical data on E216 is not available in literature and hence val-
idation is done with present experimental data only. Fig. 7 shows
the variation of Cl and Cd with AOA obtained from simulations
along with experimental results. The simulation results are in good
agreement with the experimental measurements especially in the
pre-stall region. Numerical results do not exhibit completely satis-
factory results in the stall region due to RANS modelling weakness
for stalled condition where the flow is highly unsteady [41]. Aver-
age deviation of 8.67% in lift prediction and 5.4% in drag prediction
is observed between simulation results and experimental results
and fall in the acceptable range. The interaction of turbulence mod-
els with different combinations of various numerical schemes and
grid density may lead to error. The simulations carried out in this
study are two dimensional and it cannot capture 3D vortex and
its interaction with flow field as it does in experimental study. This
also lead to error in results. Reliable matching with least error is
obtained in the pre-stall region where the study is mainly focused.

The simulation result shows that (Fig. 7) Cl curve follows a lin-
ear pattern up to maximum value of 1.41 at AOA of 120 and then
declines. Upto this maximum Cl value, flow remains attached and
the drop in value there after represents separated flow or stalling.
Wake survey method is adopted in experiment to measure Cd. The
method does not give accurate results beyond stalling and hence
the experimental Cd measurement is limited up to stall angle.
Fig. 8. Cl=Cd ratio obtained from experiment and simulation as a function of AOA.



Fig. 9. Surface pressure ðCpÞ distribution on the airfoil surface for AOA of: 40 (1), 60

(2) and 80 (3) along with experimental results for AOA of 60. (S – separation point, T
– transition point, R – reattachment point).

Fig. 10. Effect of AOA on size of LSB and its movement along the chord length of the
airfoil.

Fig. 11. LSB formation over airfoil for

Fig. 12. Close view of LSB showing recirculation region at AOA of 60 (where t

82 B.K. Sreejith, A. Sathyabhama / Engineering Science and Technology, an International Journal 21 (2018) 77–88
Variation of Cl=Cd ratio with AOA compared with experimental
results are shown in Fig. 8. Peak value of 42.50 is observed at
AOA of 40 in simulation and value of 42.47 is observed at the same
AOA in experiment. Average deviation of 6.57% is observed
between experimental and simulation results.

Fig. 9 shows surface pressure distribution over the airfoil for
AOA of 40;60 and 80 along with experimental results at AOA of
60. LSB formation can be identified from the presence of pressure
plateau in Cp distribution [42]. Both experimental and simulation
results clearly depict the presence of LSB, represented by S-T-R
points. Points S represent starting of separation (suffixes 1,2 and
3 represent corresponding points for different AOA of 40;60and80

respectively). Separated flow get mixed up with adjacent laminar
layers and forms transition region – represented by T-R curve
and the flow is converted to turbulent. When the flow re-
energise enough, it attaches back to airfoil surface at point R fol-
lowed by attached flow represented by smooth Cp distribution

there after. For 60 AOA, LSB started from x/c = 0.27 and reattached
at x/c = 0.64 and is in good agreement with experimental results.

In order to further investigate the behaviour of LSB, location of
separation, transition and reattachment point along airfoil chord
length for different AOA are plotted which is shown in Fig. 10.
Along with the movement of LSB towards leading edge with
increase in AOA, contraction of size is also observed. Increase in
AOA results in shortening of laminar region and turbulent region
of the LSB. Reduction in turbulent region results in very steep pres-
sure rise. The longest LSB is observed for AOA of 00 which covers
38.5% of chord length and shortest LSB of length 20% of chord
length is observed at 80.

Extent of separation and reattachments can also be observed in
the velocity vector plot for AOA 60 in Fig. 11. Here the LSB forma-
tion can be identified by reversed velocity vector. Close view of the
same is shown in Fig. 12 where the reversal of velocity vectors and
recirculation are clearly visible.

Based on the simulation results for baseline (Figs. 9 & 11), trip is
fixed at two different locations 0.17c (location-1) and 0.10c
(location-2) with different trip heights of 0.3 mm, 0.5 mm, 0.7
mm and 1 mm. Simulation is carried out for three different AOA,
40;60 and 80 at Reynolds number of 100,000.
AOA of 60 (velocity vector plot).

he reversed velocity vector direction shows recirculation flow transition).



B.K. Sreejith, A. Sathyabhama / Engineering Science and Technology, an International Journal 21 (2018) 77–88 83
3.1. Airfoil with boundary layer trips

In this section the effect of BLT on airfoil performance is dis-
cussed based on simulation results.
Fig. 13. Cp distribution on the airfoil surface for AOA of

Fig. 14. Cp distribution on the airfoil surface for AOA of

Fig. 15. Cp distribution on the airfoil surface for AOA of
Cp distribution around airfoil for AOA of 40 with trip at location-
1 and 2 are shown in Fig. 13a & b respectively. A sudden jump in Cp

on suction side near to the trip is due to the flow obstruction
caused by the trip. The blockage made the flow to accelerate over
40: (a) trip at location-1 and (b) trip at location-2.

60: (a) trip at location-1 and (b) trip at location-2.

80: (a) trip at location-1 and (b) trip at location-2.



(a) 0.3 mm trip height

(b) 0.5 mm trip height

(c) 0.7 mm trip height

(d) 1 mm trip height

Fig. 16. Velocity vector plot over the airfoil at AOA 40 and different trip heights for location-1 (R represents reattachment location).

(a) 0.3 mm trip height

(b) 0.5 mm trip height

(c) 0.7 mm trip height

(d) 1 mm trip height

Fig. 17. Velocity vector plot over the airfoil at AOA 40 and different trip heights for location-2 (R represents reattachment location).
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the trip creating a peak in the Cp distribution. Flow decelerates just
after the trip and pressure distribution coincide with normal trend.
The distribution becomes smooth there after till the trailing edge,
indicating elimination of LSB except for trip height 0.3 mm in both
the locations. In case of 0.3 mm trip height at both the locations-1
& 2, the turbulence induced by the trip is insufficient to fully elim-
inate LSB formation and hence a weak pressure plateau region can
be observed in the Cp plot compared to baseline. The Cp

distribution over the airfoil surface with BLT at AOA 60 is shown
in Figs. 14a & b. Location of LSB on base airfoil is at 0.27c from lead-
ing edge as shown in Fig. 9. The figures show that Cp distribution
on suction surface with trip is smooth except near the trip, which
indicates that the trip successfully transited laminar flow to turbu-
lent with sufficient turbulence. It is clear from the graph that trip
eliminated LSB for all the trip heights and trip locations by success-
fully transiting laminar flow to turbulent. LSB is observed at dis-
tance of 0.20c from leading edge in the simulation on base airfoil
for AOA of 80. Trip in location-1 is very nearer to LSB. But still it
eliminated LSB for all the trip heights (Fig. 15a). Cp distribution
over suction surface with trip at location-2 is also smooth as in
the previous cases and it does not show any traces of LSB (Fig. 15b).

Figs. 16 & 17 show the velocity vector plots for airfoil with BLT
for AOA of 40. Except for 0.3 mm trip height, for all other trip
Fig. 18. Effect of trip height and location on (

Fig. 19. Effect of trip height and location on (
heights the velocity vectors remain attached to the airfoil surface
after passing over the trip and there is no sign of LSB formation.
A recirculation region is observed just after the trips, where the
transition of boundary layer from laminar to turbulent occurs. This
transition length reduces as the trip height increased due to the
higher induced vortex.

The above discussion shows that trip is effective in reduction/
elimination of LSB over the airfoil considered in the study. Net drag
reduction is the sum of reduced drag from the elimination of LSB,
increased device drag due to the trip blockage and increased skin
friction drag due to flow turbulence. Aerodynamic performance
analysis is carried out further to quantify the net effect of BLT on
the performance the airfoil.
3.1.1. Aerodynamic force analysis

Fig. 18a shows the variation of Cd with BLT height at AOA of 40.
LSB in baseline airfoil at AOA 40 is observed at a distance of 0.40c
from leading edge. Trip is fixed at distances of 0.17c and 0.10c
respectively for location �1 & 2 from leading edge. When trip is
introduced on airfoil, it converts laminar flow to turbulent. This
turbulent flow remains attached to airfoil surface and it avoids/
reduces LSB formation. This LSB elimination results in reduced
bubble drag. Up to trip height of 0.5 mm, the reduction in bubble
a) Cd and (b) Cl=Cd of airfoil at AOA = 40.

a) Cd and (b) Cl=Cd of airfoil at AOA = 60.
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drag dominates the increase in frictional drag from the turbulent
flow and induced device drag due to trip. Hence, Compared to
baseline, tripped airfoil shows better performance up to trip height
of 0.5 mm. Thereafter the induced device drag increases with trip
height results in nullifying the advantage obtained from reduction
in bubble drag. So the total drag becomes higher than baseline air-
Fig. 20. Effect of trip height and location on (

(a) Baseline

(b) 0.3 mm tri

(c) 0.5 mm tri

(d) 0.7 mm tri

(e) 1 mm trip

Fig. 21. Turbulent kinetic energy (TKE) distribution on base airfoil (21a) and airfoil w
foil for trip height more than 0.5 mm. Trip at location-2 is located
far upstream compared to location-1. So the turbulent flow has to
flow longer distance over the airfoil than that for location-1. The
laminar flow length before trip is shorter for trip at location-2
and turbulent region is longer compared to location-1. So larger
frictional drag is induced for trip at location-2 compared to
a) Cd and (b) Cl=Cd of airfoil at AOA = 80.

airfoil

p height

p height

p height

height

ith boundary layer trip of different heights (21b–e) at location-1 and AOA of 60.
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location-1. This results in Cd curve for location-1 to remain always
below than that for location-2. The modified model has better
Cl=Cd ratio value for both the trip locations up to trip height of
0.5 mm and is shown in Fig. 18b. Trip at location-1 performs better
than at location-2 within this limit. For higher trip heights, perfor-
mance degraded due to the higher induced device drag and it out-
weighs the advantage obtained from the control of LSB formation.

When the AOA increased to 60 up to trip height of 0.5 mm for
location-1 and up to 0.7 mm for location-2, sum of induced device
drag and skin friction drag are lesser than reduction in drag
achieved by eliminating LSB (bubble drag) using the BLT and net
improvement in Cd is observed as shown in Fig. 19a. For higher trip
heights induced device drag dominate over reduction in bubble
drag. Trip at location-2 is far upstream from LSB than that at
location-1. Hence trip at location-2 could induce sufficient turbu-
lence than the trip at location-1 which in turn reduced bubble drag
more effectively and hence produce lesser total drag than that in
location-1. Maximum improvement in Cd by 15.5% is observed
for trip height of 0.3 mm. As the distance between the location of
LSB and BLT are more, ’critical height’ of trip is also increased.
Effect of trip on Cl=Cd ratio is presented in Fig. 19b. As in the case
for Cd, higher Cl=Cd up to height of 0.5 mm for location-1 and up to
0.7 mm for location-2 are observed than baseline. Maximum
improvement of 21.62% is observed at trip height of 0.3 mm.
Except for trip height of 0.3 mm, in all other cases location-2 has
more advantage over the other.

At AOA of 80 similar trend is observed as that for AOA 60 as
shown in Fig. 20a & b. As the AOA increased to 80, LSB moved
upstream and the distance between LSB and trip at locations- 1
and 2 got reduced. This results in relatively slight dimnish in drag
reduction than that at AOA 60 compared to their corresponding
baselines. Maximum reduction in Cd by 10.22% is obtained with
0.3 mm trip height. The same reason holds good for the reduction
in Cl=Cd ratio beyond trip height of 0.7 mm compared to baseline.

Fig. 21a shows the distributions of turbulent kinetic energy
(TKE) baseline airfoil at AOA of 60. High TKE is observed at a dis-
tance of 0.6c from leading edge, where the flow reattaches on
the airfoil surface after the LSB formation. It indicates turbulent
flow persist after the LSB. The trip induces turbulence into flow
and some flow length (transition region) is required for transition
into turbulence. Region of high TKE starts where flow reattaches to
the airfoil surface after transition. The distance between trip aft
and region of high TKE reduces with increase in trip height as
shown in Fig. 21b–e. Airfoil with highest trip height have least
transition length. Higher the trip height, higher turbulence will
be induced and hence shorter transitional length. From the figure
it is clear that trip energized the flow by converting laminar flow
to turbulent and eliminated high turbulent region due to LSB
formation.

4. Conclusion

In the work, Simulation studies are carried out to analyse aero-
dynamic performance of E216 airfoil using Transition c� Reh
model. Formation of LSB is modelled and its behaviour under dif-
ferent AOA are studied. Simulation of the airfoil with BLT at differ-
ent locations and heights, and its effect on LSB formation are also
analysed. Clear region of separation, transition and reattachment
are observed in the simulation. LSB moved upstream with increase
in AOA. When BLTs were introduced on the airfoil, because of
induced turbulence, LSB get eliminated in majority of the cases.
As height of trip increased, flow reattachment length got reduced
after the flow deflection caused by trip obstacle to the flow. If
the location of trip is far upstream of LSB, the advantage reduces
compared to that when the trip is near to LSB. Though higher trip
height eliminated LSB more effectively, the induced device drag is
very high which results in performance degradation and trip up to
height 0.5 mm is found to perform well. maximum improvement
of 21.62% in Cl=Cd ratio is obtained up to trip height of 0.5 mm
compared to baseline. There exists an optimum trip height and
location for each angle of attack, to achieve maximum improve-
ment in aerodynamic performance of airfoil. But the method is
not effective for the applications having wide range of AOA during
operation. The presence of trip induce a pressure jump around the
trip. The pressure jump can be reduced by selecting an appropriate
trip geometry. 3D studies are required to completely understand
the vortex structure formation and flow interaction in span-wise
direction.
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