INTERNATIONAL JOURNAL FOR NUMERICAL METHODS IN FLUIDS
Int. J. Numer. Meth. Fluids 2004; 45:1291-1315 (DOI: 10.1002/1d.739)

Prediction of unsteady, separated boundary layer over a blunt
body for laminar, turbulent, and transitional flow
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SUMMARY

The focus of this paper is to study the ability of unsteady RANS-based CFD to predict separation
over a blunt body for a wide range of Reynolds numbers particularly the ability to capture laminar-to-
turbulent transition. A perfect test case to demonstrate this point is the cylinder-in-crossflow for which
a comparison between experimental results from the open literature and a series of unsteady simulations
is made. Reynolds number based on cylinder diameter is varied from 10* to 107 (subcritical through
supercritical flow). Two methods are used to account for the turbulence in the simulations: currently
available eddy—viscosity models, including standard and realizable forms of the k—¢ model; and a newly
developed eddy—viscosity model capable of resolving boundary layer transition, which is absolutely
necessary for the type and range of flow under consideration. The new model does not require user
input or ‘empirical’ fixes to force transition. For the first time in the open literature, three distinct
flow regimes and the drag crisis due to the downstream shift of the separation point are predicted
using an eddy—viscosity based model with transition effects. Discrepancies between experimental and
computational results are discussed, and difficulties for CFD prediction are highlighted. Copyright ©
2004 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The state of the boundary layer in a region of separation plays an important role in the
aerodynamics and heat transfer of many devices particularly blunt bodies. At engineering-
level Reynolds numbers (Rep), the drag over a blunt body is mostly contributed to form
drag. If the boundary layer is turbulent, the flow will separate further downstream than if it
is laminar. This leads to lower form and total drag for turbulent flow. To predict this type
of flow using unsteady RANS, it is essential that the turbulence model be able to capture
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both laminar, turbulent, and transitional boundary layers. A perfect test case to demonstrate
this point is the cylinder-in-crossflow. Though the problem is simple in terms of geometry,
currently available eddy—viscosity models are incapable of predicting the physics for this flow
over a wide range of Rep.

1.1. Background and description of flow

A schematic of the geometry and nomenclature of flow over a circular cylinder is shown
in Figure 1. The physical phenomena encountered (unsteady wake, transition, etc.) in the
cylinder-in-crossflow (CCF) are found in many industrial and scientific applications. The de-
tails of the flow regime (e.g. laminar vs turbulent, steady vs unsteady, location of separation)
depend primarily on the Reynolds number (Rep ). Schlichting and Klaus [1] provides a descrip-
tion of flow regimes at various Rep. For Rep <40, the entire flow is laminar and steady with
attached counter-rotating vortices on the downstream half of the cylinder. For 40 <Rep <300,
the flow remains laminar, and an unsteady Karman vortex street is observed downstream of
the cylinder. In the subcritical range (300 <Rep <1-1.3x10%), the boundary layer is laminar
and separates at approximately 80°, and the downstream wake exhibits a turbulent, unsteady
behaviour. The onset of turbulence in the separated shear layer moves towards the cylinder
with increasing Rep [2]. At a critical Reynolds number, there is significant decrease in drag
due to a dramatic change in the nature of the boundary layer. In this regime, the laminar
boundary layer separates, transitions to turbulence, reattaches, separates again, and produces a
turbulent wake [1]. The behaviour of the transition is three-dimensional [3]. The value of the
critical Rep, is sensitive to the freestream turbulence level and surface roughness. For quiescent
flow over a smooth cylinder, the critical regime extends over 1.3x10% <Rep <3.5x10°. In the
supercritical regime, the boundary layer transitions to turbulence on the cylinder surface and
separates downstream at approximately 120°. Additional qualitative discussion can be found
in Reference [4].
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Figure 1. Schematic of geometry and computational domain used in this study.
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1.2. Literature review

The open literature contains numerous experimental and numerical investigations of the CCF.
Computational efforts have primarily involved the use of direct numerical simulations (DNS)
or large eddy simulations (LES) at relatively low Reynolds number. There are, however,
a handful of studies using LES and Reynolds-averaged Navier—Stokes (RANS) based sim-
ulations at the types of Rep presently under consideration. The discussion concentrates on
phenomena encountered for different flow regimes, drag coefficients, separation location, and
the predictive capability of eddy—viscosity based turbulence models.

1.2.1. Experimental studies. Achenbach [5] examined a range of Rep (6x10*-5x10°). Pres-
sure and shear stress distribution along the cylinder, separation angle, and drag coefficient
were presented. The mainstream turbulence level was 0.7%. The length to diameter ratio of
the cylinder was relatively small (3.33), but measurements were taken at the centre of the
cylinder to mitigate the wall blockage effects. For a subcritical Rep = 10°, the laminar bound-
ary layer separated 78° downstream of the stagnation point. For a critical Rep =8.5x 103, the
laminar boundary layer separated at 105°, transitioned to turbulence, reattached, and separated
again at 147°. The location of both separations is inconsistent in the literature [5,6]. At a
supercritical Rep =3.6x10°, Achenbach found that the attached boundary layer transitioned
on the surface and separated at 115°. Drag information was reported, but Roshko [7] showed
that Cp for supercritical flow is very sensitive to experimental conditions.

1.2.2. Computational studies. Breuer [8] presented 3-D LES simulations of the CCF in the
subcritical regime (Rep = 1.4x10°). The finest mesh size was 325x325x64 (325 cells around
the circumference of the cylinder). The study implemented several subgrid models to compare
with a benchmark experimental case [9]. Breuer found discrepancies in the predicted drag
coefficient for the different subgrid models. The simulations showed separation to occur at
94°, which is downstream of the ‘standard’ value of 80°.

Selvam [10] performed a series of 2-D LES simulations for 10*<Rep<10°. A finite
element approach was used with a 2260 cell mesh. Discrepancies between computational
and experimental drag coeflicients were attributed to the 2-D nature of the computations.
Since no details were given about the flowfield, it is difficult to draw conclusions regarding
the ability to predict the three distinct flow regimes.

Tamura et al. [11] studied flows (10° <Rep <10°) using a technique called the third-order
upwind scheme. The method accounts for turbulence through the discretization scheme. In
contrast, the current work uses an eddy—viscosity based turbulence model. The study attempts
to show the effects of using 2-D vs 3-D simulations. For 2-D, results change greatly when
the mesh is changed from 100x100 to 800x100 cells. The authors conclude that drag co-
efficient can only be correctly predicted using 3-D simulations. However, several important
physical mechanisms and numerical issues are not addressed. Transition, separation, grid-
independence, and wake resolution are expected to be as important as the 3-D nature of
the flow.

RANS-based simulations have shown little success in predicting flow over a blunt body at
high Reynolds numbers. This is due to the inability of currently available turbulence models
to resolve the effects of transition. These models are strictly applicable to fully turbulent flow-
fields, a condition only approximated for the supercritical regime, and only exactly satisfied
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as Rep — co. Reichel and Strohmeier [12] demonstrated the ability of eddy—viscosity models
(standard k—e or SKE, realizable k—¢ or RKE) and LES to predict the drag coefficient for
Rep ranging from 10? to 107. The grid consisted of 40 cells around the circumference of the
cylinder. For SKE, the drag was found to exponentially decrease with an increase in Rep.
The study included a band of collected experimental data from the literature, and concluded
that predicted values fall within a close enough range of the band to justify the use of fully
turbulent models. It is difficult to judge the validity of the predictions without an examination
of transition, separation, etc. in each flow regime.

Catalano et al. [13] compared 2-D results for LES and SKE using wall functions at critical
and supercritical Reynolds numbers. For SKE, Cp varied little in time and was under-predicted
at high Rep. The low value of Cp was blamed on grid resolution and the absence of transitional
effects in the turbulence model. The authors also found little sensitivity of the drag coefficient
to Rep in the critical regime and were unable to capture the separation bubble that has been
seen experimentally for this case.

A typical method for including transitional effects is to artificially trip turbulence. Celik
and Shaffer [14] used SKE and 2-D steady simulations to study flows (10* <Rep <107) on
a mesh of 100x150 cells. The study implemented an empirical a priori method of fixing
the transition point. For Rep =3.6x10°, the results showed that the flow separated at 118°.
Travin et al. [15] applied the Detached eddy simulation technique to the 3-D cylinder-in-
crossflow. For Rep =5x10%, a laminar separation was forced. For Rep = 1.4x10° and 3x10,
a turbulent separation was forced. The artificial nature of the transition and the inability to
obtain a grid-independent solution were two shortcomings of the work.

Saghafian et al. [16] performed a series of 2-D unsteady simulations of flow past a circular
cylinder for Reynolds numbers ranging from 2x10° to 8.4x10°. The mesh consisted of 16 800
cells. The authors employed both linear and non-linear eddy—viscosity models. Results from the
linear model showed no transition, and consequently, an approximately constant relationship
between drag coefficient and Reynolds number was obtained. When the non-linear, cubic
eddy—viscosity model of Craft et al. [17] was employed, a transition was captured and the
drag crisis was predicted. However, the model was unable to predict the separation bubble
present in critical flow [5] and the drag coefficients for supercritical flows were over-predicted.
The over-prediction of drag coefficient is interesting since the model also over-predicted the
separation angle by several degrees. Over-prediction of the separation point should lead to
a decrease in the predicted drag since a later separation leads to more pressure recovery.
However, by examining the predicted static pressure distribution around the circumference of
the cylinder, one can see that the over-prediction of drag coefficient was due to an unusual
and significant decrease in static pressure between 165 and 180°. The authors attribute this
to the 2-D nature of the simulations. However, this phenomenon is only seen at Reynolds
numbers greater than 10°.

Edwards et al. [18] performed a series of 2-D unsteady simulations of flow past a heated
cylinder for Reynolds numbers ranging from 1.27x10° to 4x10°. The geometry consisted of
a half cylinder with centreline symmetry, and the mesh consisted of up to 100000 cells. The
authors developed a 1-equation transition model based on the Spalart—Allmaras turbulence
model [19] and the work of Warren and Hassan [20,21]. Unlike the model used in the
present study, their model required input of boundary layer quantities to evaluate certain
model terms. Since all of the test cases were for supercritical flow, transition occurred on the
surface of the cylinder. Prediction of the point of transition was good, but heat transfer was
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over-predicted. Critical and subcritical test cases were not considered due to their inability to
predict separation-induced transition.

2. PRESENT CONTRIBUTIONS

From the open literature, it is clear that for 10* <Rep <107 three distinct flow regimes are
encountered:

e subcritical—laminar boundary layer separation upstream of 90°, followed by transition
in the wake;

e critical—a separation bubble due to laminar separation, followed by transition away from
the surface, followed by reattachment and a subsequent turbulent separation;

e supercritical—attached boundary layer transition upstream of 90°, followed by turbulent
boundary layer separation at 115-120°.

There are several unresolved issues regarding computational prediction of the CCF:

e the qualitative ability of turbulence modelling to resolve boundary layer transition and
separation for flow over a blunt body and to reproduce the three regimes described above
for the CCF;

e the quantitative ability to predict separation angle and drag coefficient for this range
of Rep;

e the documentation of the sensitivity of the drag coefficient to the location of separation.

To address these issues, a series of 2-D unsteady simulations was performed. Results com-
pare the performance of conventional, fully turbulent eddy—viscosity models (RKE and SKE)
to a newly developed eddy—viscosity model that is capable of resolving laminar-to-turbulent
boundary layer transition without @ priori transition prescription or ad hoc, problem-dependent
modifications and ‘empirical’ fixes.

3. COMPUTATIONAL METHODOLOGY

3.1. Computational model

Since the maximum Mach number of the flow was less than 0.1 and there was no energy
transfer as work or heat, a constant temperature, density, and viscosity were employed. The
set of governing equations solved for this flow consisted of continuity, mean momentum, and
the turbulence model transport equations.

For this problem, separation and transition occur as unsteady, 2-D phenomena, and it is
only in the downstream wake dynamics that three-dimensionality effects are observed to be
significant. Especially at the largest Reynolds numbers, a full 3-D unsteady approach would
be prohibitive. The 2-D model allows accurate resolution of the three distinct flow regimes,
and is sufficient to demonstrate the role of boundary layer transition and separation on the
flow physics. The relative importance of 3-D and unsteadiness depends on the flow regime.
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For example, 3-D and unsteady effects are more significant for subcritical flow, and the 2-D
simplification is expected to lead to some quantitative discrepancy with regard to the drag
coefficient [11].

3.2. Geometry, grid, and boundary conditions

Though the current set of simulations is compared to several different experiments, a single
geometry was used for all Reynolds numbers, and it is shown in Figure 1. Note the axis
orientation and that 6 is measured clockwise from the leading stagnation point. Certain criteria
were met for the geometry. It was desired to have a minimal blockage effect from upper and
lower boundaries, which was achieved with periodic boundaries at +8.5D. The location of
the upstream and downstream boundaries were placed far from the cylinder to not influence
the flow (6.5D upstream for the inlet and 10.5D downstream for the outlet). To show that the
placement of the boundaries was adequate, additional simulations using a geometry twice as
large as that used in the current study (inlet at x = —12.5D, outlet at x =18.5D, and periodic
boundaries at y = +18.5D) were performed. Results were similar to those obtained with the
smaller domain.

For the study of flow over a smooth cylinder with low mainstream turbulence, Rep is
the key dimensionless parameter. To vary Rep, the dynamic viscosity (u) was changed and
all other quantities were held constant. The inlet boundary conditions were specified for a
mainstream velocity (Us,) of 15.345 m/s, a mainstream turbulent length scale (Lu) of 0.1D,
and a mainstream turbulence level (Tu) of 0.2%. A zero streamwise gradient was used at the
outlet for static pressure and turbulence parameters.

The viscous sublayer was fully resolved in all simulations. To accomplish this, it was
necessary to place at least 5 cells within y* <7 in the near-wall region and to have y* =1
for the first cell. Since the behaviour of the boundary layer and the location of separation are
known to be a function of the Reynolds number, it was most efficient to make a different
background mesh for each Rep. In regions of separation, it is desirable to have cells with
aspect ratios near unity to reduce the effects of numerical viscosity. A simple approach would
be to fill the domain with equilateral triangles with a characteristic size of y* = 1. This would
be computationally expensive for higher Rep. Cells far away from the cylinder wall can be
larger than cells near the wall. Also, if the direction of the flow is known, cells can have large
aspect ratios as long as they are parallel to the flow direction, as in the boundary layer. Using
these concepts, a reasonably sized and high-quality grid was obtained, and grid-independence
was established by adding additional cells in regions of large changes in flow parameters with
no appreciable change in the results [22]. For all cases, the background mesh was shown to
be sufficiently fine to yield grid-independent results.

Experimental separation angle results and the concepts described above were used to cus-
tomize the background grid as much as possible. For example, in supercritical flow, the
boundary layer should transition upstream of 90° and separate around 120°. Therefore from
0 to 97°, a boundary layer type grid was employed. From 97 to 132°, the near-wall grid
was modified to account for separation. Aspect ratios were reduced since the direction of the
flow near the wall is not known a priori in a region of separated flow. A large band that
encompassed the experimental separation point was used to ensure that high aspect ratio cells
did not affect the results. Figure 2 shows the grid for Rep=10". Table I summarizes mesh
sizes for each Rep.
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Aspect ratio is reduced
near region of separation

Figure 2. Multi-topology, multi-block grid for the supercritical flow case. Separation occurs at approxi-
mately 120°. This is the region where cells of lowest aspect ratio are concentrated.

Table 1. Details of the grid for each flow regime.

Flow regime Rep Total cells Cells along cylinder Aspect ratio in separation region
Subcritical 10%,10° 213K, 93K 2100, 530 1, 10

Critical 10° 323K 6940 10

Supercritical 10’ 413K 7031 10

3.3. Discretization scheme and solution method

All solutions were obtained with the second-order linear reconstruction discretization scheme
used in conjunction with the segregated-implicit solver in Fluent 6. The new transition-
sensitive turbulence model was implemented using the user-defined function capability. More
details are given in Reference [23] and below. By using the second-order scheme and the
hanging node adaptive tool in Fluent 6, the effects of numerical viscosity were minimized.
The time step (independent of Rep) was determined using a Strouhal number of 0.2, a ve-
locity scale equal to the inlet velocity and a length scale equal to the diameter to find an
estimated shedding period (7). A time step of 0.057 was used to ensure full time-resolution
of the flowfield. This time step was deemed adequate since additional simulations using a
time step of 0.0257 showed no appreciable change in results.

In a steady framework, convergence implies that the solution does not change with addi-
tional iterations. This can be extended to an unsteady framework [22] by ensuring that the
solution at each time step is fully converged and that time-averaged flow parameters do not
change with additional time steps. The convergence within an individual time step is achieved
by using an appropriate combination of time step size and number of iterations per time step.
In all cases, 10 iterations per time step were adequate. Simulations were run on a cluster of
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four SUN Ultra 60 workstations (each with 2 CPUs and 2 GB of RAM) connected with a
gigabit switch and fibre-optic network at 15-60s per time step depending on Rep. Typically,
2000 time steps were required to converge the time-averaged quantities of key flow variables.
Since the flow was treated as unsteady, simulations typically required more than an order of
magnitude more clock time than their steady counterparts.

3.4. Turbulence modelling

The effects of transition in the current simulations are included using a newly developed,
transition-sensitive turbulence model. This model has been previously documented [23-25]
and is described below. Proper resolution of the effects of transition proved to be essential
for a cylinder-in-crossflow over a wide range of Reynolds numbers. To accurately assess the
performance of the new model and the importance of resolving boundary layer transition,
comparison simulations were performed assuming fully laminar flow and fully turbulent flow
using well-known models already in Fluent. It is known that a laminar simulation is inap-
propriate at high Reynolds numbers (Rep>10*) and that fully turbulent models (RKE and
SKE) are inappropriate at low Reynolds numbers (Rep <3.5x10°), and the results documented
below confirm this.

3.4.1. New turbulence model equations. The concept and development of the new modelling
approach has been documented in detail by the current authors [23] and will not be repeated
here. This section presents the final model equations used in the present study. Differences
between this model form and that in Reference [23] are discussed. The model form used
herein is identical to that presented in two previously documented studies [24,25].

The new model is a three-equation eddy—viscosity type, including transport equations for tur-
bulent kinetic energy (kr), laminar Kkinetic energy (k_.), and inverse turbulent time
scale (w):

Dkr c ) Ok
Dt—PkT+R+RNAT_£_DT+6xj|:<V+0’k>a~xj:| (1)
Dk 0|, %k
Dt_PkL—R—RNAT_DL—i_axj[Vale ?
Dw w ) Aeft /3 vkt
Dr =P, + Cur E(R + Rnat) — Con @™ + Co3 fo0r <}T> &
6 or @(z)
a0+ 2) %) N

The laminar kinetic energy, ki, represents the magnitude of non-turbulent streamwise fluc-
tuations in the pre-transitional boundary layer, following the recommendation of Mayle and
Schulz [26]. Note that the original model [23] used the turbulence farfield dissipation rate, ¢,
as the turbulence scale-determining variable. Use of the inverse turbulent time scale leads to
a better representation of the breakdown of laminar kinetic energy to turbulence. The scalar
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farfield turbulent dissipation rate is simply obtained as
&= wkt (4)

The influence of turbulent and laminar fluctuations on the mean flow is included through
prescription of a total eddy viscosity
ou; oy

i = V(ax o
'] 1

2
)~ 3 krondy )

The effective length scale and turbulence length scale are defined as

Jeft = MIN(C;d, A1) (6)
}VT:kl'S/ﬁ (7)

where d is the distance to the closest wall. Small- and large-scale energies are then calculated
assuming the Kolmogorov inertial range spectrum applies over all wavenumbers greater than
1/;\,"[‘:

PIRRL
kr,s=kr <;T) (8)

N 2/3
Jer, s = kr [1 - (Af) ] 9)
T

The sum of (8) and (9) is the turbulent kinetic energy, k.
The first term on the right-hand side of Equation (1) is the production of turbulence by
turbulent fluctuations and mean strain rate

PkT:VT)SSz (10)
The small-scale turbulent viscosity vt s is defined as

2.58]‘0]‘) (11)

vr,s = MIN (fvfINTCu Vkr slen, —5

The limit on turbulent viscosity is imposed to prevent too rapid production in the case of
boundary layer separation and in highly strained freestream regions. Other terms in the defi-
nition of turbulent viscosity are

1
Ch=— —
! A0+As(SkTT)

ﬁzl—exp<— "ReT’S> (13)

A,

(12)
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ke
= MI —1 14
St N(CINTkTOT’ > (14)
k3
ReT,s: V.: (15)

Equation (14) defines a damping function on turbulent production due to intermittency, and
is a modification to the original model [23]. This term helps to prevent over-prediction of
momentum and scalar transport in the latter stages of bypass transition, which occurred with
the original model.

The first term on the right-hand side of Equation (2) is the production of laminar kinetic
energy by large-scale turbulent fluctuations

PkL:VT’/SZ (16)

The large-scale turbulent viscosity vr,, is modelled as

vT,/:MIN(v;J,O'sé‘T*‘> (17)
where
* Qﬂ%ff 2
Vi, = forCn - )V kr. s et + BrsCrapnar d°Q (18)

The limit introduced in Equation (17) ensures that realizability is not violated in the developing
pre-transitional boundary layer. The time-scale-based damping function f; , is

2
fis=1—exp _cf,/<f“‘> ] (19)
T,/
1,0 = Aei/\/ K1,/ (20)
T =1/Q 21)

The second term on the right-hand side of Equation (18) includes the following:

MAX — Crs.crit» 0)?
Prs=1—exp < (‘j’NAZ 15,01t 0) > (22)
TS
PnaT = sz/V (23)
Near-wall dissipation is given by
Dy =2y WV &Vt (24)
axj 6xj
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Dy =2v vk 0vh (25)
ox;  0x;
and the total dissipation rate of fluctuation energy, éror, is defined as
etor=¢+ D1+ DL (26)

The term R that appears in Equations (1)—(3) represents the averaged effect of the break-
down of streamwise fluctuations into turbulence during bypass transition, and has been mod-
ified from [23] to

Jl 2/3
R:CRﬁBP kL(U(/LT) (27)

eff

The threshold function fgp controls the bypass transition process

Pep=1—exp <— j:;;) (28)
ue =MAX (YL — Gy )0 29)

The breakdown to turbulence due to instabilities is included as a separate natural transition
‘production’ term:

Rnat = Cr,natPrat kL2 (30)
0.75 £025 '

Pnar =1 —exp [ MAX(dnar IZAI\IIiT CNAT, crit» 0) a1

Pmix = \/lgd/v 32)

The coefficient C,x in Equation (3) enforces a reduction of turbulent length scale during the
transition breakdown, and takes the functional form

Jr \?
CQ,R:1.5</1;> -1 (33)

The first term on the right-hand side of Equation (3) is the increase in inverse turbulent
time scale due to either turbulence production mechanisms or flowfield instabilities. It takes
the form

1)
B, =(Courvr.0S* + farCapkr, /) o (34)

The first term inside the parenthesis is due to turbulent production, where the effective turbulent
viscosity corresponds to that in Equation (11) without any imposed limit:

VT, = ﬁleTCy V kT,s;LeFf (35)
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The second term represents the increase in inverse turbulent time scale in unstable regions
of the boundary layer subjected to an adverse pressure gradient. The damping function fap
is a function of the gradient of the magnitude of the rotation rate tensor in the wall-normal
direction, and it takes the form

far=fos if 0Q/6d>0

(36)
fap=0  if 0Q/6d <0
In Equation (3), the coefficient C,, is assigned the following functional form:
;\. T 4/3
Cop = 0.92( - ) (37)
At

This form enforces a decrease in the turbulent length scale close to the wall.

The use of w as the scale-determining variable can lead to a reduced intermittency effect
in the outer region of a turbulent boundary layer, and consequently an elimination of the
wake region in the velocity profile. The third term on the right-hand side of Equation (3) is
included to rectify this. The term includes the following damping function:

foo=1—exp|—0.41(Ae/21)*] (38)
The total eddy—viscosity in Equation (5) is given by
Vror =Vr,s + V1,7 (39)

Finally, the turbulent scalar diffusivity in Equations (1) and (3) is given by
ot = ﬁcu, std 'V ijveﬁ" (40)

The inlet boundary conditions for k1t and w are set as for any two-equation model to
reproduce the desired turbulence intensity and scale. Since the computational inlet is located
in the freestream, far from any solid boundary, & is set to zero. At solid walls, all three
model equations use zero-flux boundary conditions:

Okt

ok

i 0 (42)
Jw

i 0 (43)

To evaluate the gradient terms at the wall in Equations (24) and (25), the wall values of
Vkr and ki are taken to be zero. This is done independent from the boundary condition for
kr and k.. The above model equations and boundary conditions yield the correct asymptotic
behaviour at solid boundaries, i.e. k ~ d*> and eror — 2vk/d*> as d — 0.

The model constants are summarized in Table II. These constants were determined based
on comparison with direct numerical simulations of fully turbulent channel flow [27] and
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Table II. Summary of model constants for the new transition-sensitive eddy—viscosity turbulence model.

Ao =4.04 As=2.12 A, =6.75 Agp =3
Anat =60 Ars =200 Crp,crit =12 CNAT, crit = 440
Civr = 0.75 Crs. et = 1000 Cronar = 0.04 Cr = 3.4%10°6
Crr=1.0x10""° Cr=0.08 C,,90=0.035 C.,=4360
Cy1 =044 Cap=0.15 Cy3=03 C;,=2.495
Cy,sta =0.09 Pry=0.85 or=1 o,=1.17

0.1

— CFD Tu =02%

CFD Tu = 2.6%

CFD Tu =6.2%

© Exp Tu =02% [28]

- - { B ExpTu =2.6% 28]
| A Exp Tu = 6.2% [28]
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Figure 3. Stanton number distribution for flat plate test case, highlighting the ability of the new turbu-
lence model to resolve boundary layer transition over a range of freestream turbulence intensities [23].

flat-plate boundary layer experiments [28]. Note that some constants have been modified from
the original version of the model [23]. Figure 3 shows the heat transfer distribution on a flat
plate boundary layer, using the current version of the turbulence model. Results are compared
to an experimental test case [28] and the details of the numerical method are documented
in Reference [23]. The figure demonstrates the ability of the new model to resolve transition
over a range of freestream turbulence intensities for this simple but crucial reference case.

3.4.2. Reference turbulence models. The performance of fully turbulent eddy viscosity models
for this problem is documented using two reference models: standard k—¢ (SKE), and the
realizable k—e (RKE) model proposed by Shih er al. [29]. Both models are implemented
with the two-layer near-wall treatment of Wolfstein [30]. The models are eddy—viscosity type,
with two transport equations in the outer layer for turbulent kinetic energy, kr, and turbulent
dissipation rate, etor, and a single transport equation for kr and an algebraic prescription
for dissipation rate and length scale in the near-wall inner layer. Both models, considered
‘industry standards’, are available in most commercial CFD codes—including Fluent—and
have been used in numerous CFD studies documented in the open literature. Readers are
referred to References [29-31] for a complete description.
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4. RESULTS AND DISCUSSION

The results of this study are presented in two sections. First, simulations with the new model
are compared to laminar and fully turbulent simulations to highlight the ability of the new
model to resolve transition. The next section examines quantitative prediction of separation
angle and drag coefficient, including the role of transition, and compares results to available
experimental data.

4.1. Comparison of turbulence models

The major contribution of the new turbulence model is its ability to perform in laminar,
transitional, and turbulent flows. This is imperative for accurate resolution of separated flow
over a blunt body. To assess the performance of the model for the CCF, comparisons are
made at Reynolds numbers that best highlight the contrasts between the fully turbulent models
and the new model. For the cases under consideration, the standard and realizable forms of
the fully turbulent k—¢ model produced similar results.

At a Reynolds number of 10° (critical regime), the flow physics are complex. The laminar
boundary layer separates downstream of 90°, transitions to turbulence in the separated shear
layer, reattaches, and separates again downstream of 120°. Figures 4 and 5 show a comparison
between the new model and RKE. Figure 4 is a plot of normalized, time-averaged turbulent
kinetic energy, k, for the first cell grid centre along the top half of the cylinder. Comparing the
results shows that the RKE model reproduces a turbulent boundary layer from the stagnation
point (0 =0°) onward, whereas the new model is laminar until approximately 0= 105°. The
plot indicates that the new model is capable of capturing transition to turbulence, whereas
RKE is not.

To ascertain if the model can capture the separation, transition, reattachment, and second
separation phenomenon at Rep = 10°, the normalized, time-averaged streamwise velocity, U,
is plotted for the first cell grid centre along the top half of the cylinder in Figure 5. A

0.04
™ — New model
] ,'-' “\\ /\ ..... RK]-‘
2 . Y
= 0.021 . \
A ‘ \
i : y
VvV . \
A Transition '
,'l" N
0 = T T T = T T
0 90 180
0 (degrees)

Figure 4. Profiles of normalized, time-averaged kr along the top of the cylinder (results are

symmetric for bottom half of cylinder) for RKE and in-house model at a critical Rep=10°.

Fully turbulent models are incapable of resolving the laminar-to-turbulent transition that is
known to occur at this Reynolds number.
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Figure 5. Profiles of normalized, time-averaged U along the top of the cylinder for RKE and in-house

model at a critical Rep = 10°. The new model captures a laminar separation followed by a turbulent
separation while the RKE model captures only one turbulent separation.

separation region is indicated by a negative value of (U), and separation or reattachment
occurs where (U) =0. For the RKE model, the boundary layer is turbulent starting at 0 =0°
and separates at approximately 112°. This is a typical result for all Reynolds numbers when
using a fully turbulent model form. However, using the new model, the flow is predicted to
separate (laminar separation) at 6 =103°, transition at approximately 105°, reattach at 107°,
and separate again (turbulent separation) at 127°. Recall that in Reference [5] measurements
at a similar Reynolds number of 8.5x10° showed the existence of the separation bubble
with an initial laminar separation at 105°. To our knowledge this is the first time in the open
literature that this complex phenomenon has been captured using CFD with an eddy—viscosity,
RANS-based turbulence model. The key lies in the ability of the new model to resolve the
transitional behaviour, which in turn strongly influences the boundary layer separation and
reattachment physics for flow over a blunt body.

Figure 6 shows (U)/U,, along the top half of the cylinder for subcritical (Rep = 10°) and
supercritical (Rep=107) flows, comparing the results using the new model and the RKE
model. It is apparent that the RKE model predicts only one characteristic flow regime regard-
less of Reynolds number, which is a fully turbulent boundary layer that separates between
111° and 120°. The flow behaviour is that of supercritical flow regardless of the Reynolds
number. The fact that a fully turbulent model form is inappropriate for subcritical (and criti-
cal) flow regimes is certainly not a surprise, but it does highlight the importance of resolving
boundary layer transition. In contrast to RKE, the new model predicts three distinct regimes,
depending on Reynolds number. For subcritical flow, separation occurs at 75°. For supercrit-
ical flow, separation occurs at 119°, and the results downstream of 70° are similar to those
from the RKE model. This is expected since the new model should behave like a fully tur-
bulent model as Rep increases and the boundary layer becomes turbulent over the majority
of the cylinder surface.

Figure 7 shows normalized (kt) along the top half of the cylinder for subcritical (Rep = 10°)
and supercritical (Rep = 107) flows, comparing the results using the new model and the RKE
model. The behaviour highlighted above is apparent. The RKE model predicts a turbulent
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Figure 6. Profiles of normalized, time-averaged U along the top of the cylinder for RKE and the new

model at a subcritical Rep = 10° and supercritical Rep = 107. The in-house model captures a laminar

separation for subcritical flow at 75° and a turbulent separation for supercritical flow at 119°. RKE
predicts a turbulent separation between 111 and 120° regardless of Rep.
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Figure 7. Profiles of normalized, time-averaged kt along the top of the cylinder for RKE and in-house
model at a subcritical Rep = 10° and supercritical Rep = 107. The new model predicts transition for
the subcritical flow at 98° and the supercritical flow at 47°.

boundary layer over the entire cylinder surface, whereas the new model shows Reynolds-
number-sensitive transitional effects. For subcritical flow, the new model shows transition to
occur at 98°, which is downstream of the predicted separation. For supercritical flow, the new
model predicts transition at 47°. Both results correspond qualitatively to experimental values
documented in the open literature.

Figure 8 shows the transitional effects more visually using contour plots of (kr) and (U) for
Rep = 10° through 107. The view is a close-up of the top half of the cylinder. At the subcritical
Reynolds number, the flow transitions away from the surface after it has separated. At the
critical Rep = 10°, the separation, transition, reattachment, and second separation phenomenon
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Figure 8. Contours of (kt) and (U) along the top of the cylinder for the in-house model for
(a) subcritical (b) critical and (c) supercritical flows. For the (k) contours (top), the black region
indicates negligible turbulence. For (U) (bottom), non-white indicates reversed flow.

is apparent. Finally, the supercritical flow regime is correctly resolved as shown with boundary
layer transition and a single subsequent turbulent separation. At Rep = 107, similar results are
obtained for the fully turbulent models and the new model.

4.2. Comparisons with experiments

While the above section highlights the performance of the new model in a qualitative sense,
this section compares numerical and experimental values of drag coefficient (Cp) and sepa-
ration angle (6;). The importance of capturing transition will be highlighted again. Drag and
separation angle must be considered together due to the strong functional dependence of Cp
on 0. It will be shown that an extreme sensitivity to separation location is the primary reason
that accurate drag prediction for blunt bodies is difficult using CFD.

Figure 9 shows a plot of time-averaged Cp as a function of Rep for both computations
and experiments [1]. The drag coefficient data is taken from the time average of fluctuating
quantities, such as in Figure 10. These results are from computations using the new, transition
model. Similar levels of oscillations were found using RKE. As can be seen, Cp for the high
Reynolds number case (10°) changes very little in time. Similar results are obtained for 107.
This nearly steady behaviour at high Rep was also seen in Reference [13] for URANS calcu-
lations. However, LES results from Reference [13] showed a more significant oscillation in Cp
at Rep = 10°. This implies that traditional, steady-based turbulence models need improvement
to be used in a wide variety of unsteady flows. At lower Reynolds numbers, there are signs
of time dependence in the drag coefficient data, as in Reference [16]. However, the results
at Rep=10° imply that the level of unsteadiness at Rep = 10* may also be under-predicted
using traditional URANS.

Examining the time-averaged drag coefficient results in Figure 9 shows that the new model,
which includes the effects of laminar-to-turbulent transition, is the only turbulence treatment
that successfully captures the well-known drag crisis. This is shown with high values of
Cp (=1) for subcritical flow followed by a sudden drop in Cp (~0.15) in the critical
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Figure 9. Time-averaged drag coefficient as a function of Rep. The new model (which includes effects of
laminar-to-turbulent transition) is the only model that captures the correct trend in drag with increasing
Rep. However, the magnitudes do not agree with the experimental values, particularly at high Rep.
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Figure 10. Variation of drag coefficient with time for low and high Reynolds numbers from CFD results
using the new, in-house turbulence model. Simulations using URANS show very little unsteadiness at
high Reynolds number. Similar levels of oscillations were found using RKE.

range. Finally, there is an increase in Cp to 0.25 at the supercritical Rep. While the new
model reproduces the correct physical behaviour, including the drag crisis, the predicted drag
coeflicients do not agree well overall with the experimental data. It should be pointed out there
is a large scatter in the experimental data for critical and supercritical flow. For example in
Reference [32], the drag coefficient is reported as 0.2 for Rep ~ 10° and 0.53 for Rep ~ 8 x10°.
The reference turbulence models (SKE and RKE) show an interesting and inaccurate trend.
As Rep increases, the drag coefficient asymptotically decreases to a value of approximately
0.3 at the supercritical Reynolds number. As with the new model, Cp for the supercritical
regime differs significantly from the measured result.
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Figure 11. Time-averaged (a) separation angle as a function of Rep for computations and experiments
and (b) transition location and separation angle for simulations using the new, transition model.

Figure 11(a) shows a plot of time-averaged separation angle as a function of Reynolds
numbers for both experiments [5] and computations. For critical flow, this data represents
the location of the second, turbulent separation. It should be noted that only the in-house
model predicts a change in separation angle with a change in Reynolds number. Figure 11(b)
shows the predicted location of transition when using the new, in-house model. Included in
this plot is the separation angle data from Figure 11(a) and the location of the first separation
(laminar) point for critical flow. Recall that this is the only turbulence treatment that predicts
transition for all Reynolds numbers and the separation bubble for critical flow. Examining the
results for each flow regime in Figure 11(b) again shows the characteristics seen in Figures
4-8 and reported in References [1,5].

As expected, the Cp and 0 results using the new model approach those obtained from
the fully turbulent models in the supercritical regime. In the subcritical and critical regimes,
however, considerable difference is noted. The values for RKE and SKE in these regimes are
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obtained from time-averaging results that do not match the separation and transition physics
seen in experiments. This was shown in the section above and is expected since fully turbulent
models should only work well for almost fully turbulent flows (supercritical). Likewise, the
laminar results at the higher Reynolds numbers are obtained from time-averaging a physically
incorrect flowfield. Interestingly, at the highest Reynolds number, the laminar result shows
the best agreement with the measured value of Cp. This contradictory result underscores
the difficulty in predicting the CCF, and indicates that proper resolution of separation and
transition effects is not the only issue facing CFD.

The separation angle data in Figure 11(a) help to clarify some of the results seen in
Figure 9. The total drag on the cylinder is comprised of a pressure part (form drag) and a
viscous part (skin drag). At high Rep, the drag over a blunt object is dominated by form
drag, which primarily depends on the separation location. As 0y increases, it is expected that
the form and total drag will decrease. The sudden increase in separation angle is the cause
of the drag crisis. Figure 11(a) shows that the separation angle is predicted relatively well
by the new model for all flow regimes. Possible reasons for the lack of agreement in drag
coefficient, despite relatively good prediction of the separation angle, are discussed for each
regime in the following paragraphs.

In the subcritical and critical regimes, the near-field downstream region is dominated by
quasi-periodic unsteady and three-dimensional flow, more so than at a supercritical Reynolds
number. The fact that the simulations in the present study are 2-D may explain much of the
discrepancy in Cp [11], even when using the transition-sensitive turbulence model. However,
there is good prediction of the separation angle, which suggests that using the new mod-
elling approach with fully 3-D, unsteady computations may lead to much improved predictive
capability in these regimes. Efforts are underway that address the ability to properly capture
unsteady and turbulent flows, including 3-D URANS using both currently available turbulence
models and new models that contain more unsteady physics.

For the supercritical regime, the effects of unsteadiness and three-dimensionality are ex-
pected to be less important than for subcritical flows [1]. Though the simulations with the
new model show that drag coefficient increases between Rep =10° and 107, there is a sig-
nificant discrepancy between the experimental value of 0.7 and the computed value of 0.25.
Likewise, the values for the fully turbulent models are 0.26 for RKE and 0.3 for SKE;
as discussed above, similar results are expected between all three models in this regime.
Figure 11(a) shows that all three turbulence models yield a separation point at approximately
120° whereas the experiments show values ranging from 115° to 120°. The range in the exper-
iments is a result of measurement uncertainty as well as variations of mainstream turbulence,
surface characteristics, etc. At first glance, it appears that the CFD prediction of separation
angle is quite good. It is therefore surprising that the drag coefficient is so significantly under-
predicted. An explanation for this can be obtained by examining the static pressure distribution
at Rep =3.6x10° as shown in Figure 12. The experimental data of Achenbach [5] is com-
pared with two computational plots, where one is the actual result that shows a separation
at 118° and the other is identical to the actual CFD result up to the experimental separation
point of 116°. At this point, it is assumed that separation occurs and that the static pressure
remains constant along the cylinder surface in the wake region. The purpose of this plot is to
investigate the relative change in predicted form drag due to the relatively small, yet constant,
over-prediction of the separation angle. For this Reynolds number, the skin drag is two orders
of magnitude less than the form drag.
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Figure 12. Profiles of time-averaged pressure coefficient along the top of the cylinder for experi-

ments and the new model at a supercritical Rep = 3.6x10°. Two curves are used for the CFD:

the actual result that shows a separation at 118°; the other is identical up to the experimental

separation at 116°. This plot shows the importance of resolving the separation point exactly for
supercritical flow over a blunt body.

By using symmetry and Equation (44) to integrate around the circumference of the cylinder,
the time-averaged pressure drag coefficient for the three curves can be obtained

(Cp,p) = /;(Cp) cos0do (44)

A comparison of the experimental, the actual CFD, and the modified CFD values of Cp
shows 0.84, 0.23, and 0.72, respectively. The modified CFD value, though only based on a
2¢ difference in separation angle, is dramatically different from the actual CFD result, and
leads to a much better agreement with experiments. Though the modification is rather ad hoc,
it shows the significance of capturing the separation point exactly. The error in the Cp is
mostly due to this over-prediction in separation angle since it is in this region that the form
drag is determined. The form drag is sensitive to the separation angle in this region because
of the large pressure gradient—a small change in separation angle leads to a large change in
the pressure at the separation point. The fact that the separation angle is consistently over-
predicted in the supercritical regime for all of the eddy—viscosity based models implies that
there may be an inherent reason that the turbulent boundary layer is predicted to remain
attached too far downstream. One possible explanation is the inability of the models used
in the present study to predict the effects of curvature on turbulence. However, the use of a
differential Reynolds stress model that could account for the effects of streamline curvature
would still lack the ability to predict the important effects of transition. It should be noted
that for flows over streamlined bodies such as airfoils, where skin drag is a more important
contribution to overall drag and in which the streamwise pressure gradients are often less steep
in the separation region, a slight over-prediction in the separation location will likely yield
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only a small change in overall drag. For these cases, it is the ability to capture transition itself
that will aid significantly in the prediction of heat transfer and wall shear stress. This has been
recently demonstrated for turbine airfoil profile loss and conjugate heat transfer predictions
[33,34].

5. CONCLUSIONS

The importance of being able to predict transition in RANS-based CFD for flow over blunt
bodies was demonstrated by examining a circular cylinder-in-crossflow for subcritical, critical,
and supercritical flow (Rep=10*-107). Computations compared the performance of fully
turbulent eddy—viscosity models (RKE and SKE) to a newly developed model that is capable
of capturing the laminar-to-turbulent transition in a hands-off, physics-based manner. Details
of the model were given, and it was shown, as expected, that the inclusion of transition
effects was necessary to capture the correct trends for this flow. These trends include the
drag crisis that occurs in the critical flow regime (Rep>1.3x10°) and the ability to produce
characteristics of three distinct flow regimes. These characteristics are summarized below:

e subcritical—laminar separation upstream of 90°, followed by transition to turbulence in
the wake;

e critical—laminar separation, followed by transition in the separated shear layer, followed
by reattachment and a subsequent turbulent separation;

e supercritical—laminar-to-turbulent transition of the attached boundary layer, with the
location depending on Rep, followed by separation at approximately 119°.

To the authors’ knowledge, this is the first time in the open literature that a RANS-based
simulation has been shown to correctly predict these distinct flow regimes.

It was also shown that despite proper resolution of the flow physics and qualitative trends,
discrepancies still exist between the magnitudes of experimental and computational results. At
subcritical and critical Reynolds numbers, the physics of the interaction between the unsteadi-
ness and turbulence in the wake and the three-dimensionality of flowfield are not resolved in
the simulations, and are believed to contribute to the differences. For supercritical flows, the
effects of unsteadiness and three-dimensionality are less important. However, there are consis-
tently large discrepancies for Cp between the experimental values and all of the computational
results, which is most likely due to the fact that the predicted boundary layer separation is
a few degrees downstream of the measured data. This slight difference in separation angle
makes a dramatic difference in predicted form and overall drag due to the large streamwise
pressure gradient typical of blunt bodies in this region. For streamlined bodies, where total
drag is mostly due to skin drag, predictive capability using the new model is expected to be
much less sensitive to this effect, and has in fact been shown [33, 34].

NOMENCLATURE

(4)  time-average of quantity A
CCF cylinder-in-crossflow
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Cp coefficient of drag, Fp/(0.5pU2D)
Cp, coefficient of form drag, Fp ,/(0.50U2D)
C, coefficient of pressure, (P — Piy)/(0.5pU32)

Cu turbulent viscosity coefficient

D cylinder diameter (m)

Dy laminar kinetic energy near-wall dissipation (m?/s*)
Dt turbulent kinetic energy near-wall dissipation (m?/s*)
d wall distance (m)

Fp total drag force (N)

1 viscous damping function

finT  intermittency damping function
fur time-scale damping function
fBp  bypass transition parameter
fnaT natural transition parameter

kt turbulent kinetic energy (m?/s?)

ky non-turbulent kinetic energy (m?/s?)

k total fluctuation kinetic energy (kt + kL) (m?/s?)

L cylinder length (m)

Lu integral length scale (m)

P static pressure (Pa)

Py laminar kinetic energy production term (m?/s®)

Pr turbulent kinetic energy production term (m?/s®)

P, ‘production’ term governing increase in inverse turbulent time scale (1/s?)
R bypass transition production term (m?/s*)

Rnar  natural transition production term (m?/s*)

Rep Reynolds number based on diameter, U;,D/v
Ret turbulence Reynolds number

S magnitude of mean strain rate tensor, /2SS
Sij strain rate tensor, 0.5((0U;/0x;) + (0U,;/0x;))

T shedding period (s)

7L turbulence level, /3 /Ui,

U x-direction (streamwise) velocity (m/s)

—wu;  kinematic Reynolds stress tensor (m?/s?)

U, wall friction velocity (m/s)

yt non-dimensional wall distance, du./v

oT turbulent diffusivity for turbulent quantities (m?/s)

Brp bypass transition threshold function
Prs Tollmien—Schlichting threshold function
Pnar  natural transition threshold function

e farfield turbulent dissipation rate (m?/s*)
n local wall-normal coordinate direction
Aeft effective (wall-limited) length scale (m)
At turbulent length scale (m)

u dynamic viscosity (Ns/mz)

v kinematic viscosity (m?/s)

VT turbulent kinematic viscosity (m?/s)
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VIOT total (laminar + turbulent) eddy viscosity (m?/s)
05 separation angle (°)

0, transition location (°)

0 density (kg/m’)

Q magnitude of mean rotation tensor, /2€2;€);
Q) rotation rate tensor, 0.5((0U;/dx;) — (0U;/0x;))
W inverse turbulent time scale, ¢/kr

Tm mean flow time scale

T turbulent time scale

Subscripts

i,j indices

l large scale

s small scale

in inlet value
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