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Abstract: Modeling Coanda effect has been a fundamental issue in fluid dynamic research in the XX
century. It has lost some interest because of the improvement in CFD, even if it could be still important
in the area of the preliminary design of aerodynamic devices that benefits of fluid deflection by convex
surfaces. An effective model of Coanda effect has not been defined, and fundamental questions are still
open. The influence of convective heat exchange on Coandéa adhesion of a fluid stream on a convex
surface in the presence of a temperature gradient between the fluid and the convex surface is a problem,
which affects many practical cases, but it is still marginally approached by scientific literature. This
paper aims to start an effective research direction on the effects of convective heat exchange on Coanda
effect. It approaches the problem with a set of CFD simulations. It analyses the previous hypotheses,
which are based on Prandtl number and evidences the need of a more effective model that accounts
also for the Reynolds number.

Key Words: fluid dynamics, aerodynamics, Bejan number, fundamental equations, the first law of
thermodynamics, the second law of thermodynamics, constructal law

1. INTRODUCTION

This paper is a step toward an effective analysis of the Coanda effect in the presence of heat
exchanges between the fluid stream and the convex surfaces. It considers the previous results
which have been obtained during the EU FP7 ACHEON (Aerial Coanda High Efficiency
Orienting-jet Nozzle) Project [1-4]. It analyses the influence of thermal interaction with the
wall and the consequent convective heat transfer on Coanda effect adhesion on a high speed
fluid flow.

It can be remarked that Coand& effect is almost ubiquitous into fluid dynamics and
aeronautics. It applies to fluidic devices and turbo-machines such as Guo et al. [5] and Dragan
[6, 7] demonstrate. Most applications rely on peculiar fluidic jets blowing tangentially to a
curved surface to create lift directly or indirectly, deflecting the direction of a jet stream and
reducing vorticity.

The development of fluid dynamics and the increased dependency on CFD have reduced
the necessity of theoretical models in recent years, notwithstanding their importance as a frame
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for which it would be useful as a tool for a better preliminary design and reduction of the
overall design costs and times.

Most of the studies on the development of the Coanda effect consider isothermal fluid
dynamic phenomena but neglect the effects of the thermal interactions that may occur between
the jet stream and the Coanda surface. This paper focuses on determining how these effects
can be accounted for a better and more complete explanation of the Coanda effect and the
complex equilibrium conditions.

The above considerations force to consider different modelling effort, which has been
produced and verify how they can be integrated with essential elements of heat exchange.

Newman [8] has experimentally investigated a two-dimensional, incompressible,
turbulent jet flowing around a circular cylinder. Newman’s setup is presented in Figure 1
because of its importance in the analysis of the Coanda effect. He obtained the following
expression of the angle of separation the impinging jet from the Coanda surface:

@)

Fig. 1 — Newman’s experimental setup

Bradshaw [9] explained the Coandd Effect in terms of inviscid irrotational flow. He has
assumed that the flow is initially inviscid and the relation between pressures can be obtained
by Bernoulli equation:

.U?-b
po=p. -L=— &)
a
In particular, the detachment condition for the jet is given by:
2
p-U°-b <
a

p., (3)

Dragan [6] has demonstrated that the model by Banner [10] works well to describe Coanda
effect under certain conditions. Banner has considered the balance between the pressure and
centrifugal forces exerted on an infinitesimal control volume dm in the Coandd stream. He
estimated the average pressure coefficient across a circular ramp.

If b/a ratio is much smaller than one, the balance between the pressure forces and the
centrifugal forces acting upon the volume can be expressed by equalizing pressure and
centrifugal forces.
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pR-d@-da-u’
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It is then possible to determine equation (5), which expresses the pressure drop of the jet:

2b 2
Ap = pstatic,jet P, = ? : plZJ (5)
Consequently, it is possible to determine the thrust of an element of the jet:
F, =hpU? (6)

Hence, it is possible to determine the pressure coefficient

__Ap 2D
P (pv®) /2 a (7)

Roderick [11] obtained a similar result some years after for thicker jets (where the thickness b
of the impinging jet is comparable with the curvature radius R).

C, =—27'1b(1+%j (8)

More recently, some modelling efforts have been produced during the ACHEON Project
by Trancossi et al. [12, 13], who has approached an analytical model based on Bernoulli
equation coupled with polynomial boundary layer models. Das at al. [14] and Subhash et al.
[15] has proposed CFD based models.

It must be remarked that the scientific literature analyses the pure fluid dynamic behaviour
of the Coand& effect and neglects the thermal effects that may happen between fluid and
convex surfaces.

During the ACHEON project, a preliminary attempt of describing the relation of fluid
flow adhesion and surface temperature on a convex surface has been produced by Dumas et
al. [16].

They have preliminary analyzed the effects of the temperature gradient between the
convex surface and the Coanda flow.

They have analyzed how increasing the temperature of the convex surface influences the
flow behaviour and have identified two possible mechanisms, which could govern the fluid
flow in the presence of a temperature gradient.

One is based on variable Prandtl number, and the second is based on constant Prandtl
number (thermal diffusivity) effect.

In particular, they have verified that the increment of the thermal diffusivity facilitates the
jet stream adhesion and elongates the contact length before the separation of the boundary
layer, while other mechanism triggers the earlier detachment of the flow from the curved
surface.

Dumas et al. have attempted to use CFD analysis to understand the effect of heat
exchanges on the stability of Coanda effect governed fluid dynamics adhesion. Even still
limited to a single temperature gradient case, this preliminary analysis has the merit of
evidencing the disturbances, which are generated by heating the surface and producing a
temperature gradient.

This analysis has, in any case, the merit of opening a new field of research with interesting
perspectives through better comprehension of the Coanda effect.
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2. FUNDAMENTALS ON CONVECTIVE HEAT EXCHANGE

The rate of convective heat transfer between the fluid and the wall is given by:

qconv = h(Tw - Tw ) )

If it is assumed the no-slip condition, the heat transfer between a solid surface and an
adjacent fluid layer is by pure conduction, since the fluid is motionless. Thus, it results:

. . oT
Ueonv = h(rw _Toc) =Oeong = kﬂuid E

The Boundary layer region is the region where the viscous effects and the velocity changes
are significant, the inviscid region is the region in which the frictional effects are negligible,
and the velocity remains almost constant. The friction between two adjacent layers is shear
stress:

(10)

y=0

TSZ/JE

Viscosity is a measure of fluid resistance to flow and is a function of temperature. The surface
shear stress can also be determined from:

(11)

y=0

2
r,=C, 2 (12)
2

The flow in the boundary layer starts as smooth and streamlined laminar flow. At some
distance from the leading edge, the flow turns turbulent, and it is characterized by highly
disordered motion.

The transition from laminar to turbulent flow occurs over some region, which is defined
as the transition region. The velocity profile in the laminar region is approximately parabolic
and becomes flattered in a turbulent flow.

This paper aims to move toward an extension of the analysis, as mentioned above by
Dumas et al. with a more effective analysis of the boundary layer phenomena. This effort
requires considering some further fundamentals on fluid.

Laminar Transition Turbulent
\ | | |

Viscous
sublayer

Fig. 2 — Velocity boundary layer

Two dimensionless magnitudes can describe convective heat exchange:
1. Nusselt number: non-dimensional heat transfer coefficient

Nu = c.]conv — h-L
qcond k

where L is the length of the solid boundary for a flat plate.

(13)

INCAS BULLETIN, Volume 11, Issue 4/ 2019



195 The influence of convective exchanges on Coanda effect

The Nusselt number represents the enhancement of heat transfer through a fluid because of
convection relative to conduction across the same fluid layer.
2. Reynolds number: the ratio of inertia forces to viscous forces in the fluid

Re, - PIL UL

PR (14)

At large Re numbers, the inertia forces, which are proportional to the density and the
velocity of the fluid, are large relative to the viscous forces. The viscous forces cannot prevent
the random and rapid fluctuations of the fluid (turbulent regime).

1. Prandtl number: is a measure of the relative thickness of the velocity and thermal

boundary layer.

C
Ty @
0 P)

It is given by the ratio of molecular diffusivity of momentum and thermal diffusivity.
Prandtl number directly relates to the thickness of the thermal boundary layer. A thermal
boundary layer develops when fluid at a specific temperature flows over a surface, which is at
different temperature. The thickness of the thermal boundary layer J:is defined as the distance

at which:

T-T
" —0.99
T, -T. (16)

Prandtl number describes the relative thickness of the velocity and the thermal boundary
layers. For high Prandtl number fluids, i.e. oils, heat diffuses much slower than the momentum
and the thermal boundary layer is contained within the velocity boundary layer.

The different values of Prandtl number for air allow determining the expected evolution
of relative thickness of the velocity and thermal boundary layer. Values have been plotted in
Fig..

Prandtl Number vs. Air Jet Temperature
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Fig. 3 — Prandtl number of air

In the case of Turbulent Flow, the local friction coefficient and the Nusselt number at any
location x for turbulent flow over a flat isothermal plate are:

o

Nu ” =0.0296 Re!* Pr'”? (17)

X
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which is valid for 0.6<Pr<60 and 10°<Re<10’, and

0.0592
' = Re¥

X

(18)

which is valid for 105<Re<10’. The average friction coefficient and Nusselt number over the
isothermal plate in the turbulent region are:

hx

Nu, == ==0.037Re*Pr*?, (19)
and
0.074
=R (20)

More detailed studies force to consider that air is compressible fluid and the temperature
influences its speed, because of density variation, which is caused by heating and influences
the Reynolds number.

3. METHODS

An extensive CFD campaign has been performed assuming a geometry which is derived from
the one adopted by Dumas et al. (Fig. 4a.) and their geometric setup, which is presented in Fig.
4:

Fig. 4 — Comparison between Dumas at al. and actual geometry

The geometry has been implemented (fig. 4b.) by the introduction of a small radius at the
lower edge of the jet stream outflow. This modification has been implemented because of the
choice of adopting a new meshing schema. It is based on an unstructured quadrilateral mesh
with a refinement near the walls [17]. This choice allows a better quality mesh by using the
desired quadrilateral unstructured schema. Besides, the model has been improved by the
adoption of a more effective hemi-circular outlet that allows a significant reduction in terms
of the number of cells, without affecting the problem solution.

In particular, the quadrilateral mesh schema is encouraged by the adoption of a different CFD
code. In particular, the new analysis has been produced by EasyCFD [18] a CFD software tool
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197 The influence of convective exchanges on Coanda effect

that allows numerical simulations of 2D and 3D axis symmetric fluid flow in a boundary-fitted
mesh [19, 20]. The domain has been presented in Fig. a., which shows the nature of the
boundaries.

Pressure T
__—oulet &

Isotharmal |
Wall | 4
Inlet N i

Adiabatic Wall

a. b. C.

Fig. 5 — a. Schema of the domain; b. Detail of mesh with (coarse mesh); c. Detail of mesh at high resolution.

The Coanda surface has a radius of curvature of 0.025 m, and the thickness of the jet slot
is 0.01 m. The preliminary independent grid check has been performed according to
ERCOFTAC [21, 22] guidelines as applied by Rizzi and Vos [23] and Celik et al. [24].

The following conditions have been defined:

1. Physical conditions

- Reference pressure: 101,325 Pa
- fluid: air
- density: 1,1884kg/m3;
- dynamic viscosity: 1,824e-5Ns/m?;
- thermal conductivity: 0,0257355 W/(mK);
- expansion coefficient: 3,4113e-3 1/K;
- Cp: 1006 J/(kg K);
- Pr:0.713;
2. Turbulence model: k-¢ [25-26];
3. Convergence criteria:
- Residual M: 1x107;
- Residual U: 1x107;
- Residual W: 1x107;
- Residual K: 1x10°:
- Residual D: 1x10°:
- Residual T: 1x10®.

Second order upwind scheme has been used for the discrimination of both the momentum
equation and the k-¢ turbulence model. Numerical stability has been approached according to
well-accepted standards. A numerically stable grid has been determined through the numerical
computation of the grid at different refinement level of the grid at the curved surface. The
primary reference for this analysis has been the Policy Statement by the ASME Journal of
Fluid Mechanics [27].
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The problem involves Coanda adhesion and fluid attraction. It requires a more in-depth
investigation by considering necessary supplementary sources [28, 29]. The flow field has
been computed on different grids, each obtained from the previous by reducing the grid size
(in x and y directions) by a factor of 0.75. No analysis in z coordinate direction is necessary
being a 2D problem. Table 1 reports the basic grid information and the resulting pressure
recovery computed from the solutions.

The following geometric parameters have been assumed:

1. Isothermal channel wall area: 0,0785377 m?;

2. Inlet area: 0.01 m?,

When the grid resolved the viscous sub-layer until y+ value lower than two, the jet
deflection angle appears independent from the size of the grid. Pressure gradient term has been
discretized by the second order upwind method. The unsteady term has been discretized using
first-order implicit method taking advantage of unconditionally stable for time step size, which
has been as evaluated At =1x10 s [30]. Each solution was converged adequately with respect
to the iterations. The column indicated by “spacing” is the spacing normalized by the spacing
of the finest grid on the Coanda surface.

Table 1 shows the shear stress, which is associated with different grid dimensions. As the
grid spacing reduces, the Shear Stress approaches an asymptotic zero-grid spacing value. It
can be calculated the order of convergence that results in Lconv=0.5063%, which is much lower
than the theoretical order of convergence is Li,conv=2.0.

Table 1. Grid convergence analysis Convergence analysis

Grid| Norm. | Wall | Inletair| Inlet |Wallshear 0.218-
Grid temp. | speed | Temp. stress
Spacing __ 0.216-
(mm) | (C) | (mfs) | (°C) (N/m?) £
1 1.3 20 10 20 0.2167647 o 0214
2 1.95 20 10 20 0.2160171 7
3| 26 20 10 20 [0.2149289| § **
4 3.9 20 10 20 0.2120638 @ ool
5 5.2 20 10 20 0.2080674
Wall Shear Stress convergence ratio Sconv | 1.01031 02080 T T I T T :
Theoretical Shear Stress Lin 0.2181 Grid Size (boundary layer cell lenght) [m]
Grid Convergence Index GCI1,2 (FS=1.5) | 0.3461%
Grid Convergence Index GCI2,3 (FS=1.5) | 0.5063% | Fig. 6 — Wall shear stress values for convergence
Grid Convergence Index GCI13,4 (FS=1.5) | 1.3511% analysis
Grid Convergence Index GCI4,5 (FS=1.5) | 1.9207%

4. RESULTS

Dumas at al. have considered only the case of a cold fluid jet and a hot wall. They have
assumed the temperature of the curved surface at 100°C and 600°C.
The present study extends the previous study by Dumas et al. by considering two different
complementary cases:
1. the case of heating the Coanda surface from 20 to 800°C assuming a constant
temperature inlet gas (T=20°C);
2. the case of keeping the wall at constant temperature and of heating the fluid inlet from
20 to 800°C.
The effect of the two different temperature gradients above-identified is analyzed and
discussed. Fig. 7a shows the velocity contours in one of the analyzed cases. It allows
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199 The influence of convective exchanges on Coanda effect

explaining the adopted process for determining the angles of the jet stream. The simplest way
of determining the angles is to assume the exact direction of the streamlines near the nozzle
(Fig. 7b). They can be determined by using the streamlines and considering the velocity on the
almost straight part of the streamlines as above.

| a. |

Fig. 7 — a. sample of velocity contours; b. sample of velocity contours and streamlines plotting and identification
of angles

It must also be remarked that EasyCFD allows exporting the values of an arbitrary set of
points on a line on a spreadsheet.

In this operating way, it has been possible to determine a more precise solution to the
above geometry problem. The results have been reported in Table 1 and shown graphically in
Fig. 11 and 12. In the case of a heated surface, such as in Dumas et al., the velocity contours
show that the induced velocity at the curved surface seems influenced by the pressure gradient.

Fig. 8 — Velocity vectors showing main fluid streams and surrounding fluid suction effects

Fig. 8 shows the velocity vectors and allows verifying in detail the very low vorticity that
is present around the main Coanda jet. Besides, it shows the presence of the suction effect,
which is produced by the high-speed jet. The results confirm the research by Dumas et al. by
evidencing a small vortex formation at the outer core of jet, which is evidenced by the irregular
shape of velocity contours.

It is confirmed that the increments of the temperature of curved surface induced the earlier
detachment of the jet. The results are presented in Fig. 9.

This paper presents a second case 2, the one of a heated fluid jet. In this case, the convex
wall is at a uniform temperature, and the jet can assume different temperatures.
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This case has some relevance in the field of industrial high-temperature plants, aeronautic
propulsion and combustion. It must be remarked that it, has not been considered by Dumas et
al.

Angles of adhesion for different wall temperatures Angles of adhesion for different jet temperatures
(jet at 20°C) (wall at 20°C)
14—z 20
——— ] \ \ 4*} é m;s ‘ | — o 1mis
12 m/s -~ 5mis
. — M
= — -O- 10 m/s Ty ~ s a—A - 10mis
§10 & 20 m/s 5 i A/‘i/*'k B 20 m/s
] 8 - 40 m/s 2 s A &= 40 m/s
2 A 60 m/s <5, il A 60 mis
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o
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Fig. 9 — CFD results: a. heated Coanda wall and jet at 20 (°C); b. results for heated fluid and wall at 20 °C.

The velocity has been computed in terms of a function of mass flow inlet. The equivalence
between the original velocity and the corresponding mass flow is indicated in the legend of
Fig. 9 that reports the results in the case of a heated fluid. The solutions have been limited in
terms of the jet speed at 80 m/s. The temperature of the jet has been limited to 200°C.

5. ANALYSIS OF THE RESULTS

The preliminary discussion in the introductive part of the paper shows that the analysis by
Dumas et al. could need further improvements, being based on Prandtl number Pr, only. Pr
has the physical meaning of the ratio between momentum diffusivity and thermal diffusivity.
This choice is probably caused by focusing on temperature gradient and not on the complex
set of phenomena that governs the Coanda effect. Hence, it must be observed that the thermal
diffusivity has a much higher sensibility to variation in the temperature gradient rather than in
thermal diffusivity. Hence, it can be observed that for the same fluid Pr can change with
temperature. On the other side, it can be observed that the use of Prandtl number lacks in terms
of generality because it is strongly dependent on the nature of the fluid. Besides, the critical
magnitude that governs the fluid adhesion by Coanda effect is momentum, as shown by Fig.
5. An increase in the temperature gradient between the wall of the Coanda surface and the
fluid jet appears facilitating the detachment of the jet. However, the temperature of the curved
surface appears, enhancing the thermal diffusivity of the flow and increasing the momentum
of the jet. In the opposite case, when the jet is at a higher temperature than the wall of the
Coanda surface, the fluid adhesion to the surface seems favoured.

According to Dumas et al., it appears evident that two different mechanisms govern the
Coanda adhesion. One mechanism enhances the initial adhesion to the curved surface and can
inhibit the earlier detachment of the jet. On the other, it accelerates the late detachment of the
jet. According to Dumas et al., this mechanism is based on phenomena that take place at
variable Prandtl Number. A second mechanism can be envisaged and relates to constant
Prandtl number. They have claimed that the mechanism that variable Prandtl number seems
dominant if compared to phenomena that take place at variable Prandtl number. Hence, the
results are in line with the general theory of convective heat transfer [31, 32], which affirms
that the convective coefficient increases when the velocity increases. The preliminary analysis,
which has been described in the introduction, encourages a slightly different model. It allows
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201 The influence of convective exchanges on Coanda effect

envisaging a more complex relationship that also involves the dynamic parameters of the jet.
In particular, the adhesion angle seems, in the considered velocity range, almost proportional
to both jet velocity and dependent on the difference of temperature between the jet and the
Coandd surface. The temperature profile remains almost the same at all velocities. It allows
thinking that a relation of proportionality directly relates the heat, which is subtracted from the
jet. Equation (4) presents the equilibrium of an elemental volume of fluid in the jet stream.

It is consequently evident that the phenomena, which are described, are a function of
Reynolds number. Consequently, they depend on the density and speed of the fluid, which are
related by the equation of conservation of mass. A more accurate analysis needs to consider
the different thicknesses of both velocity and thermal boundary layers during their relative
development but also requires considering both Nusselt and Reynolds number.

6. CONCLUSIONS

Most of the studies on Coanda effect consider isothermal fluid dynamic phenomena but
neglect the effects of the thermal interactions that may occur between the jet stream and the
Coandd surface. Dumas et al. [16] have presented a numerical study of the Coanda adhesion
of a fluid stream to a convex surface. They have considered the case in which the convex
surface has a higher temperature with respect to the jet stream. Their analysis limits to a
preliminary hypothesis according to which the behavior of the Coanda effect in the presence
of this temperature difference is a function of Prandtl number. This paper extends the
numerical analysis of a similar model to the case in which the jet has a higher temperature with
respect to the convex surface. Notwithstanding the adoption of a different CFD software, the
numerical results appear in line with the one Dumas et al., but a much larger number of cases
is considered.

A broader spectrum of analysis evidences that the model based on Prandtl number (fixed
and variable Prandtl number) only allows understanding the phenomena but does not seem
exhaustive. In particular the definition of the variable Prandtl number seems problematic and
is already included in the dynamic equilibrium of pressures and forces that govern Coanda
effect. The performed simulations, are non-sufficient to advance exhaustive hypotheses toward
an exhaustive modelling of Coanda effect in the presence of heat exchange phenomena, even
if it produces some consideration that may help future scientific work in toward a better
comprehension of these phenomena. In conclusion, this paper aims to be a starting point
towards a more exhaustive comprehension of the phenomena that influence the Coanda
adhesion in the presence of convective heat exchange phenomena.
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