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Abstract: The current paper refers to the preliminary estimation of the Reynolds number for curved
wall jets. This, in turn, can be a useful tool for controlling the boundary layer mesh size near a
generic curved wall which is wetted by a thin, attached jet. The method relies on analytical
calculations that link the local curvature of the wall with the pressure gradient and further, the local
Reynolds number. Knowing the local Reynolds number distribution, a CFD user can tailor their mesh
size to more exact specifications (e.g. y+=1 for k-omega RANS models) and lower the risk that the
mesh is too coarse or finer than necessary.
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NOMENCLATURE
C = length of a curvilinear path
Cp = pressure coefficient
h = blowing wall jet slot height
R = radius of curvature
Re = Reynolds number
Rex =local Reynolds number
Rer = reduced Reynolds number
uj = jet initial velocity magnitude
um = jet local magnitude
y+ = non-dimensional wall distance
ρ = fluid density
µ = fluid dynamic viscosity
θ = angular position [degrees]

1. INTRODUCTION
Current fluid dynamics practices include the extensive use of CFD calculations using RANS
turbulence models. One of the (re)emerging technologies in the aerospace industry is the use
of curved wall jets that entrain the free stream increasing the efficiency of bladed machinery
Refs[1-3] or improving lift and drag of aircraft wings Refs [4-6] or other industrial
applications [7-9].
Computational Fluid Dynamics of devices which use wall jets raises the problem of
correctly estimating the cell size near the walls subject to the wall jet so that the turbulence
model can perform optimally.
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However, underestimating the first cell size can lead to prohibitive cell counts. A mesh
that has a first cell too thin, will lead to more cells thus increasing the computational time
and/or computational resources.
This is particularly problematic in cases such as supercirculation or entrainment airfoils
which combine the free stream with a typically thin blowing wall jet region which has a high
velocity jet.
This raises the problem of how to blend the two regions together while maintaining the
same y+ requirements of the turbulence model.
For unstructured meshes this problem is overcome by interfacing the two regions into
two separate domains, each having its own mesh.
The problem created by this approach is that an unstructured mesh tends to have more
cells than a structured one and, hence, requires more CPU/hours.
Another problem, which theoretically can be eliminated through the use of improved
mathematical models, is the information exchange between the two domains through the
interface(s).
Practice has shown that the interface, in some cases (i.e. high Mach numbers near the
interface), may lead to undesired - and often hard to spot - calculation errors.
On the other hand, a structured grid should have a sufficiently long blending zone
between the higher cell size on the area which is not wetted by the wall jet and the wall jet
region itself.
The transition between the two regions should have a cell size ratio low enough (~1.2:1)
so that the numerical scheme would not become unstable.
Therefore, estimating the exact cell size in the high velocity, wall jet region would help
minimize the overall mesh size and would also help with its smoothness.

2. THE LOCAL REYNOLDS NUMBER ESTIMATION
One of the first definitions for the Reynolds number in the case of a wall jet is given by T.
Vit [10].
√

,

(1)

Although more recent articles [11] provide an even simpler (and much more
conservative) definition for the Reynolds number,
.

(2)

These definitions, although useful by factoring in the radius of curvature R and the
initial thickness of the wall jet h, have the inconvenience that they do not account for the
velocity variation across the ramp - which can be substantial.
Therefore, a more accurate definition, that correlates all the major factors influencing
the jet wall flow, can prove useful in estimating the Reynolds number distribution across the
curved wall.
2.1. The characteristic length and characteristic velocity estimations
In the case of a circular arc - which is the case of most entrainment airfoil applications - the
simple geometric relation applies, where θ is the angular span washed by the jet across the
wall.
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(3)
From the inviscid flow theory, the relation between the pressure gradient and the local
curvature ratio can easily be estimated.
It must be said that this is merely an approximation since the applications for this
calculation are related to turbulent flows, having a complexity that goes beyond the inviscid
flow calculations. Considering the notations in Fig.1, the pressure gradient as a function of
streamline curvature can be deduced.

Fig.1 - The forces acting on a fluid subjected to a curved pathway

From the Oy momentum equation,
(4)
where, considering the notations already made,
u=uj cos θ

and

v=uj sin θ

we can deduce that in the origin of the coordinate system (θ=0) the velocity components
become v=0 and u=uj.
Since we know the mathematical relations,
,

(5)

we determine the pressure gradient as a function of the local curvature radius to be:
.

(6)

where y is the local normal direction to the streamline.
It can be seen that for positive (convex) radii, the pressure gradient is adverse, whereas
for the negative curvatures (concave) the pressure gradient is positive.
Knowing the pressure gradient, the local velocity can be calculated
√

(7)
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In the case of thin jet walls, Benner [12] gives the pressure coefficient estimate
(8)

.

Reference [13] presents two additional blending coefficients for the portion near the jet
slot and, near the flow separation region, respectively.
{

[

(

)]}

(
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(9)

)

)

(10)

For a circular ramp, the local Reynolds number can be estimated at
√

(11)

Figure 2 presents a comparison between the reduced Reynolds number (Re*[µ/ujˑρ])
using the equations in Refs[10, 11] and Eq.(11).
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Fig. 2 - Local reduced Reynolds number estimate for a circular ramp R=100 and h=15

It should be noted that, for the lower angular positions, the reduced Reynolds number
(Reˑ[µ/ujˑρ]) proposed in this paper is actually lower than the ones proposed in papers [10]
and [11].
This is not a natural behavior since the Reynolds number cannot be equal to zero. Hence
a corrected version for Eq.11 is required:
√
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This adds the height of the slot to the specific length, shifting the graph of Eq.11 up with
a factor of h.
2.2. Generalization
For a ramp defined by an arbitrary equation f(x) (which must be twice differentiable), one
can determine the local pressure coefficient using the curvature radius analytical calculation.
Also, one can analytically determine the length of the ramp which is “washed” by the jet.
These two factors are described by Eqs.13-14.
{

}

(13)

∫ √

√

{

}

(14)

∫ √

(

)

(15)

Note that, for the purposes of this paper, the effects of compressibility - hence the
variation in density - will be neglected although, some applications use blowing flaps for
supersonic flight control [14] or thrust vectoring [15].

3. POTENTIAL APPLICATIONS - CALCULATING THE FIRST CELL
THICKNESS FOR CFD APPLICATIONS
Caution must be exercised when using the above calculation to estimate the first cell height
near the wall. This is because, although the pressure gradient is typically well estimated, the
calculation is still inviscid not turbulent.
A possible application of the above Reynolds number estimation is the calculation of the
first cell size for a given y+ mesh near a wall. Reference[16] gives the following relations:
(16)

√

(17)

(18)
(19)
An alternative calculation method is given by Ref [17]
(

)

( )

(20)
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As a good practice, the recommendation of CFD experts (Ref [18] NASA) is to continue
meshing the viscous sub-layer with constant cells and above it to have an expansion ratio as
close to one unit as possible so that the numerical scheme and the CFD solution is not
adversely influenced.
In order to meet these requirements it is useful to know the local thickness of the
boundary layer. This, in turn requires for the user to know the velocity profile for each
individual location. A good approximation can be calculated using the CEPA model Ref [13]
which gives estimates to both the local maximal velocity um and the wall distance where it
can be found ym. Although technically the boundary layer thickness is considered to be the
wall distance at which 99% of the free stream velocity is located, since this application refers
to thin wall jets - which have an important variation between the initial, uj, and the local
maximal, um, velocities - a compromise can be made that the thickness of the boundary layer
to be approximately equal to ym. For general use however a good approximation for the
turbulent boundary layer thickness can be made using the classical
(21)

4. CONCLUSIONS AND FURTHER WORK
Thus far the above calculations have been only theoretical in nature. Further work must
validate the theoretical statements made herein through proper numerical CFD simulations.
Typically, flows subject to the Coanda effect are difficult to simulate with RANS
turbulence models due to the curvature effects which may lead to exaggerated turbulence
generation, see Ref [19] Newer models, however, incorporate curvature corrections and have
test been-proven, see Ref [11].The continued research must present a comparative study
performed with the Menter SST - RC Ref [20, 21 ] and the Spalart Allmaras RC Ref [22]
models. Furthermore, it is important to correlate the computational simulations with the
experimental research from the literature, see Refs [23-25].
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