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Abstract

Characterization of Wall Shear Stress of an Underexpanded Impinging Jet
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Chair of the Supervisory Committee:
Dr. Igor V. Novosselov, Research Associate
Department of Mechanical Engineering

Wall shear stress is characterized for underexpanded axisymmetric impinging jets for the application of
aerodynamic particle resuspension from a surface. Analysis of the flow field resulting from normally
impinging jets is conducted using Computational Fluid Dynamics. A normally impinging jet is modeled,
considering a large reservoir, while varying the diameter (D), height to diameter ratio (H/D) and the nozzle
exit pressure ratio (NPR). Schlieren photography is used to visualize the density gradient of the flow field
for validation of the CFD. A Jet Parameter, derived through H, D and NPR, is developed to characterize
shear stress for subsonic impingement. It is observed that the rate of increase of the wall shear stress reduces
with the presence of supersonic flow at the wall. In subsonic impingement regime, equations as a function
of the Jet Parameter are obtained for the maximum wall shear stress magnitude and maximum shear stress
location. Using these relationships, the peak wall shear stress and its location along the impingement surface

can be predicted at different jet configurations.
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NOMENCLATURE

— standoff distance of the jet from the plate
— diameter of the jet

— radius of the jet (=D /2)

— total pressure

— nozzle exit static pressure

—nozzle pressure ratio (=P, /Pgim)

— atmospheric pressure (14.7psi / 101325Pa)
— dynamic pressure

— nozzle exit Mach number

— total temperature

— nozzle exit static temperature

—nozzle exit velocity

— velocity vector

— Reynolds number

—nozzle exit density

— absolute viscosity

— ratio of specific heats

— enthalpy of the fluid

— gas constant (=0.287kJ/kg-K)

— fluidic shear stress



S« 9

JP
MJP

DJP

— radial location along the plate
— Reynolds averaged terms

— Favre averaged terms

— Kronecker Delta

— Jet Parameter

— Modified Jet Parameter

— Dimensionless Jet Parameter
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Chapter 1: INTRODUCTION

1.1. Motivation

Impinging jets are used for a wide range of engineering applications which include the cooling of
electronic components, surface cleaning in the microelectronic industry, and annealing processes.
Particularly, non-contact particle removal is of great interest in the field of trace material detection

as it allows for the rapid collection of the sample superior to traditional swabbing methods.

Fig. 1 Flow over a small particle. Fluid Shear Stress, or the gradient of the velocity profile acts as a

single number that can be used to characterize the forces acting on the particle

Aerodynamic non-contact sampling provides an interesting, yet challenging, solution to this
problem. Although not related to particle sampling, the behavior of impinging jets has been studied
extensively for the application of vertical aircraft takeoff. These studies are associated with the
underexpanded jets with exit static pressure of at least 1.1 times or more than the ambient pressure.

These jets are accompanied with high pressures as they impinge on the surface and can produce



high wall shear stress in the wall jet region. This shear stress is critical in dislodging particles from
the surface. These particles sit within the viscous sublayer of the flow and hence their removal is
quite arduous. The knowledge of the wall shear stress helps us identify the velocity profile in the
viscous sublayer, this, in turn provides us all the information we need to calculate the forces acting

on the particle.

1.2. Background

The basic structure of the impinging jet is shown in Fig. 2. It is comprised of three characteristic
regions that include the free jet region (under the nozzle), the stagnation zone (the point of contact
with the plate) and the wall jet region along the plate. As the jet is underexpanded, it expands
further through Prandtl-Meyer expansion fan outside the nozzle, this is soon followed by a series
of compression Mach waves due to the reflection of the expansion wave from the constant pressure
jet boundary. This region of the flow is contained within the core (synonymous to the potential
core in a subsonic jet) in its free jet region where the Mach number fluctuates around an average
value. The core is marked by the sonic line and is surrounded by the turbulent mixing layer, which
eventually diffuses inwards to dissipate the core. Once the core is dissipated and the sonic line hits
the axis, the flow is subsonic. Further down, the flow becomes fully developed and self-similar.
The experimental studies by Donaldson and Snedeker [1] using Schlieren gives a clear insight into
the complex shock structure of the supersonic jet. They examined the shock structure development
and concluded that it primarily depended on the nozzle pressure ratio and the standoff distance of
the jet. Apart from the shock in the free jet, this region of the flow is associated with a set of
acoustic feedback loops formed on impingement against the plate. This phenomenon is not

considered in this report, and for additional information on this, the interested reader is directed to



Henderson et al., Krothapalli et al. and Tam & Ahuja [2-4] who are amongst the researchers to

have examined the acoustics of impinging jets in great detail.

/ Nozzle
Potential Core

/ Free let Region

/ Stagnation Zone

| Wall Jet Region

== F- [

! Boundary Layer

v Impingement Plate

Fig. 2 Schematic diagram of a normal impinging jet. The flow consists of the free jet region,
stagnation zone, and wall jet region. The boundary layer develops as jet impinges on the surface

and creates the flow parallel to the surface.

For a free jet without an impingement plate, the Mach waves alone expand the flow and render the
flow subsonic. This occurs in impinging jet configurations with high standoff distances, when the
jet core diminishes completely before it hits the plate. However, for certain jet configurations
(when the plate is within the core), the airflow onto the plate may still be supersonic, and this leads
to the formation of a normal shock ahead of the plate. Across this shock, the flow transitions to
subsonic, and is deflected to the wall jet region along the plate. This flow over the plate decays
with the radial distance as indicated by the wall shear profiles. The point of impingement of the
flow onto the plate forms a stagnation region. For higher standoff distances, maximum pressure
occurs at the centerline of the jet on the impingement plate, i.e. at the stagnation point. For very

small standoff distances, researchers have observed that the stagnation zone has recirculating fluid



within in and this is known as the stagnation bubble [5]. For these cases, the maximum pressure
was observed to occur off the center.

A great deal of computational research has been done in regard to the supersonic impinging jet.
Most of the CFD studies in this field [6-8] have employed the RANS models, which used lesser
computational memory and time to yield good predictions with respect to the experimental data.
Alvi et al. [6], looked at solving for the flow field using different turbulence models and compared
them to experimental velocity measurements. They used k — w SST and Spalart Allmaras with
curvature correction and observed that they produced nearly identical results. While these studies
are comprehensive and important to the understanding of underexpanded impinging jets, there is
a lack of investigation into the wall jet region and, specifically, the wall shear stress developed
along the plate.

The problem has been investigated for subsonic and mildly sonic jets experimentally in the past.
Young et al. [9] used oil-film interferometry to measure the shear stress from a supersonic
impinging jet. The experiment was limited to a single jet pressure ratio and can, therefore, draw
no conclusions on the effect of pressure on the flow characteristics of the impinging jet and on the
wall shear stress, as well as the limits of the scope of the results to mildly sonic jets. Tu & Wood
[10] conducted a comprehensive study of wall shear stress developed from a subsonic impinging
jet, but their conclusions cannot be extrapolated to account for supersonic and compressible
effects.

Smedley et al. [11] and Phares et al. [12] investigated a normally impinging jet on a glass plate
containing microspheres and used previous results of theoretical shear stress profiles, adhesion
forces, and particle removal rates to infer shear stress along the plate. They determined that the

maximum shear stress was directly related to the Reynolds Number of the jet and was directly



proportional to the H/D ratio. They also concluded that the axial location of the maximum shear
will be located at r/H = 0.09 for all cases of the jet with H/D > 8. Their results find shear stress to
be directly related to particle forces, but do not account for compressibility effects. These
conclusions were produced for subsonic and nearly sonic jets and its applicability for highly
underexpanded jets, where the flow is compressible in the wall jet region, is uncertain. Shear stress
is the correct parameter to analyze, but it must be used along with the entire boundary layer profile
to comprehensibly understand the forces acting on the particle.

Even with full confidence in the results discussed above, it still has been shown that the shear
stresses obtained for the jets examined in these experiments and models do not reach the critical
shear stress needed for the successful removal of typical explosive particles. Keedy et al. [13],
using Birch’s [14] model for the virtual origin of underexpanded jets as their jet parameter (i.e. the
origin of hyperbolic velocity decay, coinciding with incompressible flow), demonstrated that
explosive particles will only be removed if the impingement plate is within the distance of the
virtual origin. The scenarios of interest have been extrapolated using a Mach number correction
by Smedley et al. [11], but have not been investigated directly. Further investigation into
underexpanded jets is necessary to determine the parameters of the impinging jet required to obtain
the levels of shear stress needed for particle removal.

For subsonic jets, the shear stress profile will collapse on a single normalized location line and the
maximum shear stress will be directly related to the Reynolds number of the jet; however, this has
not been demonstrated for a wide variety of supersonic impinging jets. It is thus desirable for
design and further experimentation to determine a single jet parameter for maximum shear stress,

and the decay of shear stress along the wall. In this manuscript, the development of a computational



model for impingent of the normal underexpanded jet is addressed, specifically the effect the
nozzle gauge pressure, nozzle diameter and its standoff distance on the wall shear stress.
The work presented is aimed at the characterization of wall shear stress resulting from the

impingement of the normal axisymmetric jet.
The structure of the manuscript is as follows:
(i) Development of the CFD model for an underexpanded air jet,
(i) Validation of the numerical results by comparison with Schlieren images,
(iii) Calculating exit properties of converging nozzle using Isentropic relations, and

(iv) Analysis of the CFD results to determine wall shear stresses over operational parameters

of interest.

Our numerical matrix contains two jet parameters: nozzle pressure and the H/D. Only normal jets
were considered in this study; a large converging nozzle is chosen. We thus developed a Jet
Parameter that quantifies the wall shear stress for any location on an impingement surface for a

wide range of nozzle pressure ratios, diameters, and H/D combinations.



Chapter 2: COMPUTATIONAL STUDY

A computational study provides an insight into the flow field with all its necessary characteristics:
shock structures and the velocity field near the wall; this is a simple, yet effective, way to calculate
wall shear stresses for a range of operational parameters. The computational analysis is performed
using the commercial software code ANSYS FLUENT 16.2 and a cell centered finite volume
approach. The steady-state Reynolds and Favre Averaged Navier-Stokes equations are solved to

obtain the flow field [15].

Continuity:
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2.1. Solver Settings

CFD solvers can be classified as two distinct families of schemes: pressure-based and density-
based methods. Previously, pressure-based methods were created for incompressible flows and
flows with low Mach number flows, while the density-based methods have typically dominated
transonic and supersonic simulations encountered in traditional aerodynamics applications. In the
pressure-based method, a pressure equation is derived from the continuity and the momentum
equations in such a way that the velocity field, corrected by the pressure, satisfies the continuity.
Whereas for the density-based solver, the solver solves the governing equations of continuity,
momentum, and (where appropriate) energy and species transport simultaneously. Although, the
pressure-based solver was created for incompressible flows, it has been modified for compressible
flows through the introduction of pressure-velocity coupling, which solves for pressure from the
continuity and momentum equations, taking into consideration the effect pressure has on both the
velocity and density [16]. This coupling uses either a pressure-based segregated algorithm or a
coupled algorithm. The pressure-based coupled algorithm offers superior performance to the
segregated algorithm, and aids with better numerical convergence. This forms an alternative to the
density-based solver. Although nearly all numerical simulation cases in this work include the
supersonic region Ma > 1, where density solver may be beneficial, most the flow in the wall jet
region is subsonic. Thus, the use of the coupled pressure-based solver is more appropriate for this
study [17]. A second order scheme was used for the pressure, whereas a second order upwind

scheme called the QUICK scheme was used for density, momentum and turbulence, which was



necessary to avoid the effects of numerical viscosity (associated with the first order schemes), as
well as to capture the large pressure gradients in the flow without any undershoots or overshoots
[18]. Since the flow is also associated with changes in temperature, the Sutherland model, which
is based on the kinetic theory of ideal gases, is used for viscosity. Also, the specific heat c,, and

thermal conductivity were varied with temperature through piecewise polynomials.

2.2. Turbulence Model

The 2 equation RANS models were devised to be able to capture the eddy viscosity through a
velocity scale and a length scale. Depending on this scales we had the 2 famous models of k — €
and k — w. The latter is known to be accurate when it comes to capturing flow at the wall but has
a degree of sensitivity to the freestream value of w [15], whereas the former gives a good prediction
of the flow away from the wall but tends to be erroneous as it approaches the wall [19]. The choice
of the turbulence model considers the need to accurately capture the wall shear stress. Since the
focus of this analysis was on the wall jet region, we needed a model that resolves the viscous

boundary layer well.

As mentioned, the standard k — w model suffered from errors around the near wall region, which
was resolved using the modified using the k —w SST model devised by Menter [20]. He
introduced a blending factor in the equation for w such that the closure coefficients assume a set
of values near the values and another set away from the value. Eventually, this model switched
between the k — e model away from the wall and the k — w model near the wall. According to
Catalano [21], as k — w SST is less stiff, it requires less computational effort. Based on the study
by Alvi et al., [6] the kK — w SST model showed results quite similar to the actual data obtained.

Hence, the most suited option based on an accurately resolved flow field was the k — w Shear



Stress Transport model.

2.3. Computational Setup

«> Wall

Symmetry
191310

Plate

Fig. 3 Computational Domain (not to scale). Note that only half the domain is modeled due to the
presence of symmetry. The inlet is supplied with a total and static pressure; plate follows the

model of a no slip wall and outlet represents the open atmosphere (0 psig).

A schematic diagram of the computational domain is shown in Fig. 3 is used for simulations taking
advantage of the jet’s axial symmetry. The nozzle radius (D/2) and the standoff distance to the
impingement surface (H) were varied depending on the case.

The mesh primarily comprises of quadrilateral elements and for much of simulations, after
conducting mesh independence studies, the size of the mesh is around 250,000 elements. To obtain
the wall shear stress, the near wall properties must be captured, and this is done by resolving the
wall viscous sublayer. The viscous sublayer is of a thickness of y* = 5. To resolve this, at least
three cells must be placed within this region, so that the mesh at the impingement surface is created
such that its first grid point is located at a distance of y* =~ 1. The typical size of an element within
the impinging surface is of the order of 1 micron. For the boundary conditions, the inlet of the

domain is supplied with air at a specific total and static pressure obtained through isentropic nozzle

10



calculations (discussed in Chapter 4:). The impinging jet is kept open to the air and to model this,
the outlet is adjusted to atmospheric pressure (zero-gauge pressure). The axis of symmetry is
conditioned to have no crossflow across it, and the plate is modeled as a non-slip boundary to
capture the shear stress on it. The upper wall is added to aid with convergence as CFD software
packages have difficulty with large outlet regions. This wall is provided with a free shear boundary

condition, thereby not affecting the entrained flow from the outlet.
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Chapter 3: COMPUTATIONAL MODEL VALIDATION

The supersonic underexpanded jet is associated with a series of expansion waves at the exit of the
nozzle, and may also be accompanied by a plate shock based on the ratio of the standoff distance
of the jet to its diameter (H/D ratio). These formations are characteristics of the underexpanded jet
and hence validation of the CFD model would be obtained through an accurate prediction of the
behavior in the under-expanded (supersonic) region of the jet—specifically, within the interaction

between the shock wave patterns in the presence of the wall.

Jet Exit
_| Oblique Shock

[\ , Waves
|\ Mach Disk /|
| "‘\ I/-' II
| Sl Jetwall
| L —
{ Expansion

| Plate Shock

) /,/ E\ Potential Shock in Wall Jet
. { 1 \ A —
Wall Jet _Ji_)

Recirculation \
Impingement Plate

Fig. 4 Schematic of underexpanded impinging jet. Key characteristics are outlined. The presence

of supersonic flow extending to the impingement point results in a normal plate shock.

To examine the capabilities of the numerical simulation to reproduce the features of the flow, the
CFD results are compared with the experimental data (in this case, the Schlieren images). The

main idea behind modeling just the nozzle exit (as in Fig. 3) was to have a general approach to the

12



characterization of wall shear stress. But the model is applicable to a converging jet with a large
reservoir of fluid above it so the viscous losses can be neglected. Since the nozzle used in our
experiments was a long pipe, the assumptions, we based the CFD model on, was no longer valid.
Thus, for validation, the numerical simulation was run for the specific nozzle type that used in the
experiments. The Fig. 5, given below, shows the geometry of the nozzle used in the experiments.

Inlet
—

(D Wall

Symmetry
19310

<
l
—

Plate

Fig. 5 New nozzle geometry used for purposes of computational model validation

All the boundary conditions stay the same in this case as in the previous case indicated in section
2.3. The inlet condition here is that of a total pressure which would be the same as that of the static
pressure measured in the experiment (assuming high pressures and low velocities).

Numerical simulations were performed using the turbulence model and spatial discretization
mentioned in section 2.2 for cases of the H/D ratio of 5, with three different inlet pressures and

their density contours compared against their Schlieren counterparts as shown in Fig. 6.
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Computational Experimental

.

40 psig

60 psig

80 psig

Fig. 6 Density Contours of CFD model and Schlieren Images. The number of shock cells decreases
with increasing pressure, but they get stronger. The oblique shock cells and the plate shocks

produced by CFD agree with the Schlieren images.

The Schlieren images align quite well with the CFD contours. The shock cells decrease in number,
but an increase in strength is observed, as the inlet pressure is increased. As the H/D ratio is

increased, more shocks cells formed in the free jet region. This comparison confirms that the

14



chosen simulation approach is the appropriate tool for evaluating flow field for an underexpanded

impinging jet.

Chapter 4: ISENTROPIC NOZZLE CALCULATIONS

Although the CFD could model and predict the shear stresses for any specific nozzle geometry,
we chose to develop a shear stress model for a general converging nozzle geometry such that it
satisfied the isentropic nozzle conditions. This means that the nozzle assumed has a large reservoir
such that the viscous/head losses in the nozzle are negligible and the total pressure is the same
throughout the nozzle. Since the jet is underexpanded the nozzle exit is choked (M, = 1).

The figure below shows a generic converging nozzle where Py, T, are the total pressure and
temperature specified at the inlet. P,, p, and T, are the exit static pressure, density and temperature

to be calculated.

Choked Region

M, =1
P,
TO Te

Fig. 7 Converging Nozzle choked at the exit

The isentropic relations through the nozzle are given by [22]:

Exit Pressure

Y
PO - 1 VTl
i P —MZ] (4-1)
P, [ 2 ¢

Exit Temperature

15



To_ [1 + :MZ] (4-2)
T, 2 ¢

Exit Velocity
U, = M, |YR,T, (4-3)
Exit Density
b, = —e (+-4)
R,T,

The fluid considered here is ambient air which has the properties and R, = 0.287kJ/kg-K and

vy = 1.4. Plugging these values in we get

P
% _— 1893 (4-5)
P,
To _ 1.2 (4-6)
T,

We consider a fixed temperature boundary conditions for all cases and provided a total temperature

of 300K. Hence from Egs. (4-3) and (4-6) we have,
T, = 250K
U, = 316.98m/s

Now the Reynolds number at the nozzle exit is given by

peUeD
U

Re = (4-7)

The input to the computational domain is the ratio of the static pressure to the ambient air pressure.

16



NPR = Fe (4-8)
Patm

The results from all the above relations can be summarized as:

(i) T, is a fixed boundary condition for all cases, hence T, is fixed through Eqg. (4-6),

(if) Choked exit (M, = 1) and fixed static temperature renders the exit velocity U, constant (Eq.
(4-3)),

(iii) Exit density p, has a linear relation with the static pressure (Eq. (4-4)),

(iv) Viscosity at the nozzle exit is just a function of the static temperature T,, hence is constant,

(v) Reynolds number is now, just a function of the nozzle diameter and the density, and

(vi) Finally, since the velocity is constant, the dynamic pressure is only a function of the density,

and in turn, is a linear function of the static pressure.

17



Chapter 5: RESULTS

5.1. Wall Shear Stress

On establishing confidence in the CFD model, separate cases are run, with 5 different H/D ratios
(10, 12, 15, 20, and 25), 15 separate nozzle pressures ratios (1.2:0.2:4) and 3 different diameters

(Imm, 2mm, 4mm). Initially, the wall shear stress profiles were examined for all cases to

understand the overall trends.

2000
1500
1000
500
4]
1.5 2 2.9
__ 1400
1]
e
" —MPR=12
w
2 ——NPR=L16E
b
= ——NPR=2
o NPR=2.4
o
7] ——NPR=28
E ——NPR=32
1.2 14 1.6 1.8
&00
500

400
300
200
100

o 0.2 0.4 0.6 0.8 1 1.2 1.4
Normalized Radial Location — r/H

Fig. 8 Wall Shear Stress Distribution for H/D of 10 (top), 15 (middle) and 20 (bottom) at Nozzle

Pressure Ratios of 1.2, 1.6, 2, 2.4, 2.8 and 3. The plots show the change in maximum wall shear

stress magnitude and location.

18



Fig. 8 shows the distribution of shear stress along the impingement plate due to the underexpanded
jet for different nozzle pressure ratio and 3 different H/D ratios. The effect of the increasing
pressure ratios and increasing H/D on the wall shear is visible through this plot. As the inlet
pressure is increased, the peak value of wall shear stress along the plate increases. And, similarly,
this peak is seen to increase as the standoff distance to the plate is decreased. Amongst the two
parameters, the effect produced by changing H/D on the wall shear stress is greater than that caused
by the inlet pressure, i.e. the decrease in H/D produces a larger increase in the maximum wall shear
than that produced by increasing the inlet pressure. This pattern is further explained in the next
sections and is noticed for all cases until supersonic flow begins to appear in the wall jet region,
which is seen in Fig. 8 for H/D=10 and NPR=3.2. It is also noticeable for supersonic impingement
that the location of the max shear is not consistent with regards to the normalized radial distance

r/H as was found for subsonic jets [11], [12], and [9].

5.2. Magnitude of Maximum Wall Shear Stress
5.2.1. Effect of NPR

Each point in Fig. 9 corresponds to the peak magnitude of the wall shear stress distribution along
the plate. The plot displays a range of these points on varying the NPR at 4 different H/D ratios. It
is observed that the maximum shear stress changes linearly with the nozzle pressure ratio for a
fixed height to diameter ratio.

As the inlet pressure ratio is increased, the density of the fluid increases (Eq. (4-4)). Keeping the
velocity and the area constant, the mass flow rate and in turn the momentum of the fluid increases
linearly. Since the height is fixed, the plate receives fluid with this increased momentum, which in

turn translates to higher forces on the plate.
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When supersonic impingement is observed, we see a slight reduction in the rate of increase of max

shear value (notice H/D=10). This is further explained in section 5.2.3.
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Fig. 9 Variation of Maximum Wall Shear Stress with NPR. Notice that the max shear for H/D=10 are

no longer linear with NPR. This is due to the appearance of supersonic flow at the plate

5:245.2.2. Effect of H/D
The nozzle stand-off distance /nozzle diameter ratio (H/D) is identified by previous researchers to
be a self-similar parameter for the impinging jet. To confirm the validity of this assumption and to
compare our results to the available literature, (flow visualization experiments were performed by
Patrick Fillingham). Z-type Schlieren setup (see Appendix for more information) was used to
examine the flow field of impinging jets of two different diameters and across a variety of pressure

while maintaining a constant H/D. Fig. 10 confirms -the self-similarity of impinging jets using the
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height to diameter ratio. For each case of different pressure ratios, the relative size, location, and

number of shocks are identical.

20 psig

D=0.07"

D=0.13"

Fig. 10 Experimental Verification of H/D as a Similarity Parameter. Normally impinging jets of

similar H/D, supplied with the same inlet pressure, produce the same flow pattern.

Fig. 11 shows the variation of maximum shear stress with H/D for specific NPRs. The max shear
stress is seen to vary quadratically with height to diameter ratio for a fixed NPR. For an
underexpanded jet, the velocity within the core fluctuates about a mean Mach number, and once
the core ends, the velocity decays as the axial length. And hence, keeping the inlet pressure

constant, the momentum decays as a square of this axial length.
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Fig. 11 Variation of Maximum Wall Shear Stress with H/D ratio. For higher pressures the quadratic

relation does not hold as seen for NPR=3

Increasing this axial length ensures a greater momentum decay, thereby displaying a similar trend
on the maximum shear stress value. This trend holds until we see supersonic flow at the plate, as

shown by the NPR=3 line where at H/D=10, the wall jet is supersonic.

522.5.2.3. Jet Parameter
The goal of this research is to easily characterize the wall shear stress based upon the impinging
jet parameters. When analyzing the trends, it was found that the peak wall shear varied linearly

with a single jet parameter, defined as:

Jet Parameter =

2 (5-1)
(5)

Fig. 12 shows the max shear stress varying with the Jet Parameter, defined in Eq. (5-1), for a single

nozzle diameter.
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Fig. 12 Maximum Wall Shear Stress vs Jet Parameter. Notice that the supersonic flow at the plate

is not characterized using this parameter

Since the Jet Parameter was based on the analysis in the previous sections 5.2.1 and 5.2.2, we see
that the subsonic flow at the plate is characterized quite well, but it fails to account for the drop in
the rate of increase of shear stress for a supersonic flow at the wall.

The supersonic flow in the wall jet region correlates with high dynamic properties compared to
the static counterparts. When we look at the temperature, the flow is associated with quite low
static temperature values in the bulk of the supersonic flow. Low temperature relates to high
viscosity which means lower lateral dissipation of the flow [23]. Hence, the flow does not transfer
its momentum towards the wall compared to the subsonic case. On the other hand, since the wall
has a fixed temperature boundary condition (be it isothermal or adiabatic), the temperatures are
higher than that of the bulk flow, which results in lower local viscosity values. This causes the
flow at the wall to try and dissipate its momentum out.

As the pressure is increased, the size of the bulk supersonic flow increases, which restricts the

spreading, and hence the momentum dissipation of the flow at the wall. Hence, we notice an
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increase in the magnitude of the maximum shear stress, although the rate of this increase is still
less than that of the subsonic case. At further higher values of the Jet Parameter, we notice the
formation of shocks in the wall jet.

This effect of the supersonic flow along the wall jet region is quite erratic and difficult to
characterize. It could be attributed to the flow physics alone, but there are possibilities that the
solver is unable to capture this physics accurately. Hence, the shear stress characterization for
supersonic impingement is beyond the scope of this manuscript and we would be considering

subsonic impingement only.

5:23.5.24. Effect of Jet Diameter
Considering only subsonic impingement to proceed with, we plot the max shear stress against the
Jet Parameter for different diameter jets as shown in Fig. 13. It is noticed that although we obtain

linear trends as expected, but we obtain three distinct lines for the three different diameters used.
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Fig. 13 Maximum Shear Stress vs the Jet Parameter for different diameters.
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This indicates that H/D may not be a similarity parameter, or the simulations don’t capture this
similarity. So, we investigate the validity of this parameter through the CFD simulations.

Fig. 14 shows the velocity contours for 2 jets of different diameter keeping the NPR and H/D ratio
constant. We notice nearly identical velocity scales in both cases as was seen in the case of the
experiments (Fig. 10). This tells us that the large scales structures of the flow scales along with the
height and the diameter. But the fact that most of the flow is similar for the same H/D could not

be extended to the shear stress on the wall.
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Fig. 14 Velocity Contour for a fixed Jet Parameter with different diameters. NPR=2.4 and H/D=25,

D=1mm on the left and D=2mm on the right

Fig. 15 shows the wall shear stress profile for the case of fixed NPR and H/D but varying diameters.

It can be clearly observed from this plot that varying the diameter does indeed have an effect on
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the wall shear stress profiles. This effect cannot be captured by H/D similarity present in the free

jet region of the flow (as in Fig. 14)
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Fig. 15 Change in Wall Shear profile along the plate for different diameters for a constant Jet

Parameter

To maintain dimensionality, this diameter term should be non-dimensional. To do so, we use the
Jet Reynolds number as the additional term to the Jet Parameter.
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Fig. 16 Variation of Maximum Wall Shear Stress with Jet Reynolds Number. The change in Reynolds
Number is produced only by the change in diameter as both NPR and H/D are fixed.
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The trend line on the plots indicate a fourth root decay of the max shear stress with Reynolds
number, and this effect needs to be incorporated into the Jet Parameter to be able to capture the

wall shear stress through a range of jets.

To confirm that the Reynolds number was indeed the term responsible for the decrease in max
shear stress, simulations were run varying the viscosity of the fluid but keeping all other parameter
fixed. This produced the same effect as in Fig. 16, which affirm the presence of a Reynolds number

effect on the max shear stress.

5:24.5.2.5. Modified Jet Parameter for varying jet diameter

In this section, we will use the nozzle Reynolds number to account for differences in the maximum
wall shear stress for impinging axisymmetric jet seen in Fig. 13. A series of CFD simulation with
varied nozzle diameter, H/D ratio and NPR are performed to find the universal correlation for the
between this similarity parameter and the maximum shear stress.

The initial Jet Parameter is given in eqgn. (5-1), which considers the effect of dynamic pressure
(linearly related to NPR) and the height to diameter ratio. The additional term to be added to this
is the nozzle Reynolds number. One difficulty with adding the Reynolds number is that the density
term in the Reynolds number, is directly proportional the pressure presented as an independent
variable in Eq. (5-1). To address this, an additional pressure term is introduced to the equation to

counteract the reduction caused due to Reynolds number.

Pc(l).25 Pd
Modified Jet Parameter = Re025 * (H)Z (5-2)
D

To ensure the terms are dimensionally correct, NPR can be used instead of a dynamic pressure
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term:

- 1\,})1?()J25 [11
Modified Jet Parameter = Re025 * (H)z (5-3)
D

Fig. 17 shows a plot for the max shear stress as a function of the Modified Jet Parameter. The plot
shows a linear trend as expected from the previous 4 sections. The plot helps correlate the
magnitude of maximum shear stress at the impingement plate to the inlet conditions for the case
of subsonic impingement. The knowledge of this max value is of prime importance in the

application of particle removal.
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Fig. 17 Plot of the Variation of Peak Wall Shear Stress with the Modified Jet Parameter

Using the Modified Jet Parameter in Eq. (5-3), we can nearly accurately determine the maximum
shear stress from underexpanded impinging jets using a linear trend line equation as shown in Fig.

17 with Eq. (5-4).
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T max = 19.301 «* MJP —169.01 (5-4)

5.3. Location of Maximum Wall Shear Stress

For the application of particle removal, it is important not only to know what the magnitude of the
maximum shear will be, but also the location of this maximum.

Since the spreading angle of the jet is constant [19], the location of the max shear stress decreases
with an increase in pressure and with a decrease in height. As in the case of the magnitude, in the
subsonic impingement regime, the location of the maximum shear normalized by the impingement
height of the jet seems to vary linearly with the Jet Parameter given in Eq. (5-1). But the difference
between the characterization of the magnitude and the location of the max shear stress is that the
location of the max shear does not depend upon the diameter of the jet. This can be observed from
the plot in Fig. 15, where all 4 cases have the same normalized max shear location. Hence the use
of the Jet Parameter alone characterizes the max shear location.

Normalizing the location requires us to non-dimensionalize the Jet Parameter too. This is done by

using the Nozzle Pressure Ratio (NPR) instead of the dynamic pressure in Eq. (5-1).

NPR

() -

Dimensionless Jet Parameter =

Fig. 18 shows the variation of the normalized location of the max shear stress with varying

Dimensionless Jet Parameter.

29



0.12

]

L]

]

., @
01 g
I e @, ©
‘?u 8 g '0 °
2 LI
WS 0,8 00
: 0.08 o s .
° R
L o @
T ° 8, e
o ) .
S o006 ° =,
°
E ° o L R?=0.9613
“a,,
= o
gom @
=
=
0.02
0
[4] 0.002 0.004 0.006 0.008 0.01 0.012 0.014

Jet Parameter

Fig. 18 Plot showing the effect of the Dimensionless Jet Parameter on the Peak Wall Shear

Location
In the supersonic impingement regimes, the max shear location was shown to increase again due
to the formation of a large stagnation bubble at the point of impingement of the jet and becomes

unpredictable to characterize using the Jet Parameter.

T;
";" =0.1176 — 6.3864 * DJP (5-6)

Eq. (5-6) is obtained through the linear trend line in Fig. 18. The Egs. (5-4) and (5-6) provides us
with the knowledge of both the magnitude and location of the maximum shear stress, with respect

to all the inlet conditions, which are needed for particle removal from within the viscous sublayer.
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Chapter 6: CONCLUSIONS AND DISCUSSIONS

Wall shear stress is used to characterize the forces acting on the particle during its aerodynamic
removal; however, a major challenge is the flow-field sensitivity to a variety of parameters: jet
pressure, stand-off distance, and jet nozzle geometry. In this report, a Jet Parameter has been
developed, that can be used to characterize the , shear stress profile on the impingement plate for
the wide range of flow conditions. This includes 3 principle components: nozzle pressure ratio,
nozzle diameter and the nozzle stand-off to nozzle diameter ratio. The change in diameter is seen
to affect only the magnitude of the max shear and not its location. The relationships presented in

this work are valid for a normal axisymmetric jet.

The relationships developed here are meant for subsonic impingements only. At higher values of
the Jet Parameter, supersonic flow in the wall jet region is observed. The presence of the supersonic
wall jet significantly complicated the analysis and hence not looked into in this report.

The maximum aerodynamic forces acting on the particle in the boundary layer will be at the
location of the maximum shear stress assuming the viscous non-slip wall boundary layer condition.
Finding the maximum values of the wall shear stress and its location is necessary for particle
detachment studies and aids in the design of the non-contact sampling devices. The maximum wall
shear stress in the subsonic impingement regime can be calculated using the linear relationship in
EQ. (5-4). The trend for maximum wall shear stress for lower values of the Jet Parameter appears
to have a slightly different slope than the rest of the plot. This region corresponds to incompressible
flow along the impingement surface and can be closely approximated using the trend presented
here.

It was also found that as the Jet Parameter increases, there is a loss of return in the power

requirement as the rate of increase of the shear stress decreases due to the presence of supersonic
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flow at the plate. This is not well defined by the relationships developed in this work. In the
supersonic wall flow region, the value of the maximum wall shear stress is quite unpredictable due
to the eventually appearance of shocks in the wall jet. To describe the supersonic wall jet region,
additional CFD simulations and experimental validation experiments are needed. This topic is
beyond the scope of this report. In addition, achieving the supersonic conditions at the surface is

not practical for most engineering applications due to power and nozzle standoff requirement.

The location of the maximum shear stress was found to be consistent with the jet expansion angle.
As the jet spreads with a constant angle, the location of the max could easily be characterized using
just the NPR and H/D. The normalized location sees no effect of the change in diameter. Beyond
a point, the max shear location begins to move away from the jet center for an increase in the Jet
Parameter, which was at the appearance of a recirculation bubble at the stagnation point (point of

impingement).

The limitation of the presented relationship is related to both operational and geometrical
considerations. While these results are validated for the normal axisymmetric jet in subsonic
impingement scenarios, several parameters can influence the maximum values and location of wall
shear stress. Among these parameters are: (i) high Mach number (> 1) at the impingement location
and the presence of shocks at the impingement surface; although these were observed both
experimentally and in the CFD simulation, their effect has not been quantified in this work. (ii)
Nozzle shape and the nozzle aspect ratio affect flow conditions at the nozzle exit and, thus, will
have an impact on the wall shear stress. (iii) Jet angle will also have a significant impact on the
wall shear stress. For the optimization of removal, it should be ideal to have the jet at a non-
perpendicular angle with respect to the impingement plate. The optimum angle will also be

developed in future work.
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APPENDIX

A.1. Experimental Setup

The greatest uncertainties in the CFD simulations are the length and the structure of the supersonic
jet region, and the interaction of the supersonic jet with the impingement plate. While there are
several publications describing the interaction between the supersonic jet and the surface, these
are limited to a few H/D ratios, and the jet pressures [7]. To perform any meaningful comparisons
between the CFD and the experimental fluid dynamics, we have designed and performed a series

of flow visualization experiments (Fig. 19).
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Fig. 19 Schematic of Experimental Impinging Jet Setup. Supply pressure was regulated through
the supply pressure gauge and measured precisely using an electronic pressure transducer. The

flow was regulated using an AC solenoid. The flow field was then captured

A normal impinging jet system was built on the optical table. Two long constant diameter nozzles
are used to allow for the flow to fully develop while the standoff distance and pressure are adjusted

to match the designed parameters. The pressure is then controlled by a regulator connected to
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conditioned shop air (RH~0%). The timing is controlled by a solenoid valve operated by an
arbitrary function generator. The 1 second pulse width was used in this study. The pressure
transducer downstream of the solenoid valve is used to measure the pressure in the nozzle. This
nozzle pressure was then matched to the CFD boundary conditions as the inlet nozzle pressure. In
the experiments, the nozzle was at a fixed location, and the location of the impingement plate was

adjusted to the desired height to diameter ratio (H/D) for the impinging jet.

Schlieren imaging was used to visualize the flow patterns of the impinging jet. Schlieren imaging
uses the refraction of light through media of variant density to visualize the density gradient of
compressible flow. For our visualization, a z-type Schlieren setup was implemented. A halogen
light bulb with a focusing lens and an optical slit were used as a point light source with spherical
mirrors to collimate the light rays through the test section and to refocus the light onto a razor’s
edge, which blocks the refracted rays, allowing the camera to capture an image of the density

gradient [24].
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Fig. 20 Schematic of the z-type Schlieren set up used to visualize the flow field of the

underexpanded impinging jet.

37



