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THE THIN OIL FILM EQUATION

James L. Brown
Jonathan W. Naughton

Ames Research Center
SUMMARY

A thin film of oil on a surface responds primarily to the wall shear stress generated
on that surface by a three-dimensional flow. The oil film is also subject to wall pressure
gradients, surface tension effects and gravity. The partial differential equation governing
the oil film flow is shown to be related to Burgers’ equation. Analytical and numerical
methods for solving the thin oil film equation are presented. A direct numerical solver is
developed where the wall shear stress variation on the surface is known and which solves
for the oil film thickness spatial and time variation on the surface. An inverse numerical
solver is also developed where the oil film thickness spatial variation over the surface at
two discrete times is known and which solves for the wall shear stress variation over the
test surface. A One-Time-Level inverse solver is also demonstrated. The inverse numerical
solver provides a mathematically rigorous basis for an improved form of a wall shear stress
instrument suitable for application to complex three-dimensional flows. To demonstrate the
complexity of flows for which these oil film methods are now suitable, extensive examination
is accomplished for these analytical and numerical methods as applied to a thin oil film in
the vicinity of a three-dimensional saddle of separation.
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1. INTRODUCTION

The response of a thin oil film on a surface subjected to a three-dimensional (3D)
aerodynamic flow proves to be of interest to the fluid mechanics community for several
reasons. First, the study of thin oil films has led to new instrumentation which accurately
measures the wall shear stresses generated by 3D flows. Second, extensive use of oil flow
visualization on surfaces bounding 3D flows requires that we understand the limitations
of these oil flow techniques in the neighborhood of the complex topological features, in-
cluding singularities, of the limiting surface streamlines. Additionally, the study of thin
oil films provides an opportunity to consider the solution of nonlinear partial differential
equations with clear practical significance and which require minimal computational and
programming resources.

Instrumentation based on thin oil films has undergone sustained development (Tanner,
et al.'~%; Monson, et al.>~7; Mateer, Monson, and Menter®) to provide accurate measure-
ment of the wall shear stresses generated on a test surface by aerodynamic flows. Recent
improvements (Naughton and Brown®~!1), particularly for 3D flow applications, in the
form of the oil film wall shear stress instrument have been made possible by the appli-
cation of Computational Fluid Dynamics (CFD) solution techniques to the thin oil film
equation. Experimental wall shear stress measurements guide development of turbulence
models to further improve CFD solvers. An important barrier to the accurate prediction
by Navier-Stokes CFD solvers of complex 3D flows is the accurate modeling of the flow-
field turbulent Reynolds stresses. Considerable effort has been expended over the past six
decades in turbulence modeling with advances in this difficult area being frustratingly slow.
The pace of improvement in turbulence modeling has improved recently, however, partly
due to a maturation in the numerical methods of Navier-Stokes solvers, and partly due to
enhanced instrumentation. Two instruments most relevant to improvements in turbulence
modeling are the laser Doppler velocimeter (LDV) and the laser interferometric skin fric-
tion (LISF) instruments. The LISF and related successor skin friction instruments deduce
the wall shear stress by analysis of either the thinning rate or the detailed shape of an oil
film which is initially spread on a test surface and which then responds to the aerodynamic
flow over that test surface. Prior to this study, self-similar 1D solutions for the oil film
response were used!~® in the analysis for the oil-film based instruments. However, as these
oil-film based instruments are now being applied to complex 3D flow situations, a more
rigorous treatment of the oil film response is now required and is addressed by this present
work.

A further reason to study the thin oil flow equation is the utility of surface oil flow vi-
sualization technique (Maltby!?). Surface oil flow visualization is one of several techniques
to discern the limiting streamline flow patterns on the surface. An aid to understand-
ing complex 3D flows is the topological analysis of these limiting streamlines (Tobak and
Peake'?; Chapman and Yates'4). Visualization, both of numerical solutions and experi-
mental flows, of these surface streamlines and associated singularities provides an overall



topological framework for categorizing and comprehending the complex flow patterns which
may arise. For 3D flows, the types of singularity points which may occur on surfaces are
the saddle of separation, the saddle of attachment, the node of separation, the node of
attachment, the focus of separation, and the focus of attachment. Limiting separation or
attachment lines connect these point singularities. A further surface streamline topolog-
ical rule is that these singularity points appear in combinations such that for a simply
connected closed body:
N-§=2

where N is the total number of nodal and focal points appearing in the flow and S is
the total number of saddle points appearing in the flow. Easily overlooked are the node
of attachment at the nose of an aerodynamic body and the node of separation at the
tail. Symmetry of the flow can also lead to an undercount since a singular point may then
actually appear twice. The flowfield need not be uniquely defined by the surface streamline
patterns observed.

The importance of the ability to correctly identify these singularity points and further
to predict with a Navier-Stokes solver the location of these singularity points is generally
underestimated. In particular, the saddle of separation and the saddle of attachment can
be difficult to identify and yet either can appear in some flows at a particular location with
significant impact on the flowfield pattern above the surface. To miscalculate a singularity
point for a turbulent flow may be the consequence of an improper grid or more importantly
an improperly constructed turbulence model.

Squire!® provided the first theoretical study of the thin oil film equation. Numerical
solutions for the 1D thin oil film under a 2D aerodynamic flow were presented. In partic-
ular, the behavior of oil flow visualization in the vicinity of 2D separation was addressed.
Squire concluded that the thin oil film did not significantly alter the boundary layer and
that oil flow visualization would tend to indicate 2D separation slightly upstream of the
actual boundary layer separation due to pressure gradient effects. Part of the purpose of
this present work is to extend the earlier work of Squire to consider 2D thin oil films under
3D aerodynamic flows.

A third reason for the study of the thin oil ilm equation lies in its utility in the study
of numerical methods. The thin oil film equation is an extension of the familiar Burgers
equation often used to test CFD numerical methods. As with Burgers’ equation'®, the thin
oil film equation is a scalar hyperbolic wave equation which may be solved by numerous
solution methods, including finite-difference, finite-volume, characteristic and Lagrangian
techniques. These thin oil film solutions can be accomplished in 1D or 2D on a workstation.
Additional advantages accrue to the study of the thin oil film equation, however, in that
for both the 1D and 2D forms the eigenvalue(s) and hence characteristic direction can be
forced to change sign at a particular location in a model problem. Further, in the present
article, we will demonstrate an inverse solution numerical method useful for the skin friction
instrument. Additionally, the thin oil film equation offers a context to study 1D and 2D
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model problems both numerically and experimentally which can provide particular insight
when fluid mechanics students are introduced to numerical methods.

Note that the 1D thin oil film problems are associated with 2D aerodynamic flows,
while 2D thin oil film problems are associated with 3D aerodynamic flows. Where clarity
in this paper requires, we will specifically state, for example, 2D thin oil problem or
2D aerodynamic flow. Also, the two fluids need not be restricted to oil and air, but to
clearly distinguish between the flow of the two fluids, we shall use the terms “oil flow”and
“aerodynamic flow” throughout the remainder of the paper.

In the present study, both direct and inverse numerical solution techniques for the
thin oil film equation are developed. The direct numerical solver considers the case where
the wall shear stress field on the surface, 7, (z, 2), is known and the direct solver provides
the oil film thickness variation with time over the surface, h(x, 2,t). The inverse numer-
ical solver considers the case where the oil film thickness variation at two discrete times,
h(z,z,t1) and h(z, z,t2), is known and the inverse solver then provides the wall shear stress
variation over the surface, 7, (z, z).

In the sections to follow, the thin oil film equation is first derived. Next, various
solutions are demonstrated including exact 1D and 2D self-similar cases. Then numerical
procedures for both the direct and inverse solutions are presented. These solvers are then
applied to several example practical problems. Programs to solve these example problems
are written in the ¢ programming language for use on a Unix workstation and are available
from the first author.



2. THE GOVERNING PARTIAL DIFFERENTIAL EQUATION

The Navier-Stokes equations describe the response of a thin film of viscous liquid,
typically oil, which is initially spread on a surface and which then experiences a 3D flow
of a second fluid, typically air, over that surface. Simplifications to the Navier-Stokes
equations for such an oil film flow are possible which still result in an accurate description
of the oil flow while considerably reducing the difficulty of the solution method. The thin
oil film equation derived below is essentially the continuity equation integrated across the
thickness of the thin oil film, with additional information incorporated from simplifications
of the z- and z-momentum equations. The derivation of the thin oil film equation is quite
straightforward but is described below to establish the restrictions on the equation and to
clarify the numerical procedures used to solve the equation.

Consider a thin film of viscous liquid, such as a silicone oil, initially placed on a test
surface as shown in figure 1. Typically, the thickness of oil is a few microns in thickness
which varies with location and time. This test surface, and thus the oil film, is then
subjected to a 3D aerodynamic flow over the test surface. The 3D aerodynamic flow
generates on the test surface a wall shear stress vector, ¥ = (75(z, 2), 7z(z, 2)), acting
tangential to the surface, and a wall normal stress or pressure, P(z, z), acting normal to
the surface. The oil film will flow in response to these wall stresses and to the gravitational
body force acting on the oil. Additionally, the oil film will experience surface tension
effects related to the curvature of the oil film surface. For the purposes of this derivation
we assume the 3D aerodynamic flow is steady with time.

The thickness of the film, h(z, z,t), will vary with position on the surface and with
time. To derive the differential equation governing the oil film behavior, consider the
control volume of figure 1. The control volume encloses the full height of the oil film, h,
and is of finite length, Az, and width, Az, aligned with the z and z axes, respectively.
Thus, the oil mass in the control volume at any time is given by m¢, = p,hAzAz. A
change in film thickness, h, and, thus, mass in the control volume occurs during a time
interval, At, due to the differences in mass flux normal to the four sides of the control
volume through which oil may flow:

Amey /At + A F + A,G =0

where
Mey = PohAxTAz

h
F = //poudA :/ poudyAz = poUhAz
0
R
G = //powdA :/ powdyAzx = p,W .hAzx
0
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Taking limits of Az, Az and At = 0. we obtain:
O0h/0t + OU h/0r + OW_ h/Bz =0

where we have defined:

h h
Uh = / udy. and W h E/ wdy
0 0

The fluxes, F and G, can be evaluated by means of a low-Reynolds number simplifi-
cation of the z- and z-momentum equations. The film Reynolds number may be evaluated
as a ratio of inertial effects to viscous effects:

Res = (poUZ/L)/(1oUc/R?) = (poUch/ po)(h/L)

To estimate the film Reynolds number we make use of Tanner’s 1D self-similar solution
result, U, = Th/2u,, along with estimates for A = 107%m, L = 10~2m, 7 = 20N/m?2,
po = 1000K g/ m3, and v, = 100 centiStokes to obtain:

Res ~ Th®/2p,v2L = 1078

As a consequence of the low Reynolds number, we ignore the inertial terms in the z-
momentum equations, giving within the oil film:

0 =07;,,/0y — OP,/0x + pog=

For the purposes of clarity in this derivation, we introduce the subscript, o, to signify the
shear stress and pressure within the oil film, and the subscript, a. to signify the aerodynamic
wall shear stress and wall pressure which are applied as boundary conditions to the oil film
at the air/film interface located at y = h.

Integrating, from the air/film interface inward, for the shear stress variation through
the film layer:

- FoYzx _h
. oy Podz)(y — h)

Note, the y-momentum equation implies that the pressure. P,(z,z), may be assumed
constant across the oil film thickness.
Integrating again, but from the wall out into the film, gives:

y Y ou OP,
z.0dY = opm—dy = ol = Tz — - oz 22'—h
/Or.y fouayy Holt T*y+(ax Pogdz)(y”/ Y)

Or, considering both the z and z components of velocity within the oil film:
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w= (reay + (50~ puga) /2 — b)) o (210)

w= (reay + (02— page) (472 — )b (2.18)

Integrating yet again finally gives us an expression for the mean convective velocity:

h ) ap, 5
Uch = udy = Tz oh” /210 — ( or pogz)(h”/3ko)
0
Similarly, from the z-momentum equation:
h . aP, 5
Wch = wdy = 7-z,a.h' /2#0 - ( oz - pogz)(h /3l1'o)
0

To account for surface tension effects, note that the pressure, P,, within the film will be
altered from the aerodynamic wall pressure, P,, due to the curvature {1/R; and 1/R;) of
the oil film surface, hence:

P,=P,+0(1/R; +1/R,) =~ P, — 0(hgz + k)

Summarizing, the differential equation governing the response of a thin film of oil to
a 3D aerodynamic flow is:

oh OUh OW:h
-+ =

ot + ox 0z 0 (2.2a)
Th OP 9o(hgz + hz) 9
= - {— — — 2
T.h OP 9o(hgy + h.2) 9
ce=— —(— — — Po0=z o .2
W 2 (37 52 Pogz)(h°/3ko) (2.2¢)

Equation 2.2, with slight rearrangement, was first given by Squire!®, and we refer to this
equation as “Squire’s Form” of the thin oil film equation. Tanner! gave a different form
which we refer to as “Tanner’s Form” of the thin oil film equation. In Appendix A, the
equivalence of the two forms of the thin oil film equation is demonstrated through a metric
transformation.

The issue of boundary conditions will be treated in the solution subsections below.
Note, we have dropped the subscript, a, on 7, 7, and P in the equation above and for the
rest of the paper since this subscript was introduced for clarity to distinguish between the
values within the oil ilm and the values imposed from the aerodynamic flow. Henceforth,
the aerodynamic wall shear stress and wall pressure meanings for these terms are assumed.
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In the absence of the surface tension term, which for many problems is negligible, the
thin oil film equation is first-order hyperbolic or wave-like with the characteristic direc-
tion of information propagation being indicated by the mean convective velocity vector,
(Uce,W.). With inclusion of the surface tension term, the equation becomes elliptic.

Further observe that the 7 terms are multiplied by h? whereas the remaining terms
are multiplied by h3. Thus, for h very small, the 7 terms typically dominate except near
singularities, where the shear stress approaches zero.

For the case where the pressure, gravity and surface tension terms are negligible
compared to the shear stress term, the thin oil film equation becomes:

% L ar.h?/2u, + o, h%/2u,
ot oz 0z

In a coordinate independent form, the above equation becomes:

=0 (2.3)

oh h?
-§+V-(2uo

) =0 (2.4)



3. ANALYTICAL SOLUTIONS

Analytical solutions for the thin oil film equation are considered in this section. These
analytical solutions are for relatively simple test case conditions, but do include both 1D
and 2D thin oil film problems for 2D and 3D aerodynamic flows, respectively. These
analytical solutions can be instructive as to general thin oil film behavior as well as being
useful in their own right. More general cases, whether for 1D or 2D oil films, require
numerical solution procedures. Even for numerical procedures, the analytical solutions aid
in formulating boundary conditions. Furthermore, the analytical solutions considered in
this section then provide known test cases to assess the validity and accuracy of the more
general numerical solution procedures.

We start by establishing a self-similar form of the 2D oil film equation. Then, we
further reduce this equation to an ordinary differential equation for the 1D self-similar thin
oil film problem, and establish several self-similar relationships. Analytical 1D solutions
are then established. We then return to the 2D self-similar form, and, for special forms of
the wall shear stress under a 3D aerodynamic flow, establish 2D analytical solutions.

Consider the thin oil film equation where the pressure gradient, gravity and surface
tension terms are negligible:

Oh 0 7-h? 9  T,h?
-t 5 )+ 5=(
ot  O0x 2u, 0z 2u,

We consider solutions which are self-similar in time of the form:

)=0 (3.1)

h(z,z,t) = H(z,z)/t (3.2)
Thus, 8h/0t = —H/t?, giving the 2D self-similar form of the thin oil film equation:

- H? 0 T,H?

2= 2
2p0 0z 2,

+8:L‘(

In coordinate independent form, the above equation becomes:

) =0 (3.3)

H2
210

The self-similar solution, H{z, z), describes the asymptotic shape of the thin oil film at
large time.

—H+V-(—7)=0 (3.4)

3.1 1D ANALYTICAL SOLUTIONS

For a 1D thin oil film, the self-similar partial differential equation reduces to an ordi-
nary differential equation:



d_ TH?
dr " 2u,

)=0 (3.5)

One 1D self-similar relation (Tanner and Blows') can be established by integrating
the above equation from the leading edge where H = 0 at x = z:

T

2u, [7
H dz = 2 /xo h dzx (3.6)

Zo

Another self-similar relation is found by defining ¢ = (7/u,)/?H and substituting in
equation 3.5 giving:

1 d —_
C(uo/ )2 = —=(¢*/2) = 0

or, rearranging

(ko/T)/? = d¢/dx

Integrating, with {( = 0 at x = ¢, and rearranging gives the 1D self-similar relation (also,
Tanner and Blows?):

T

H = ht = (/) /? / (hof/ 7)/2dz (3.7)
x0

The relation given by equation 3.7 may be solved for H(x) given known 7(z) by
numerical methods or, where suitable, in closed analytical form. Likewise, the relation
given by equation 3.6 may be solved for 7(z) given known H(x). The studies of Tanner
and of Squire provide several such 1D solutions.

The simplest 1D self-similar thin oil film solution is for the case of constant wall shear
stress, 7(z), where:

Hr = htt = po(z — o) (3.8)

Axisymmetric Analytical Solutions

For flows over axisymmetric bodies, the governing equation for a thin oil film becomes:

oh 1.8 rrh?
e+ ()
ot r 0s" 2u,

and the time self-similar form becomes:

)=0 (3.9)



1.d rr7H?
H -
(r)ds 20

)=0 (3.10)

Rearranging and integrating from sq¢, where h = 0, to s:

2"" / rH ds = 2"" )/ rh ds (3.11)
Alternatively, substituting ¢? = rrH?/u, into equation 3.10:
S
H=ht= (33)1/2/ (Eely1/2 gg (3.12)
rT T

As one example of a closed form axisymmetric thin oil film solution, consider the case
where the aerodynamic flow consists of the region about an axisymmetric stagnation point
or node of attachment formed by placing a circular plate normal to the flow. For this
case, 7 = s. A laminar solution for this axisymmetric stagnation point has been given by
Homannl!?, and is reported in both White'® and Churchill'®. The wall shear stress on the
plate varies linearly as:

T=0r, >0 (3.13)

Assume the “leading edge” of the axisymmetric oil film is located some small distance,
ro, from the stagnation point. Integrating equation 3.12 with the known wall shear stress,
equation 3.13, gives the oil film shape:

H = ht = (po/B)(1 —10/7), 7 > 70 (3.14)

For distances far from the stagnation point the oil will tend toward a uniform thickness,
which varies inversely with time. For locations close to the stagnation point, pressure
gradient effects become important which then require a non-similar numerical solution.
For an axisymmetric node of separation, we may also assume that the local shear stress
varies according to 7 = fr, except 8 < 0. The oil film leading edge is applied at r = ro,
and the flow of oil is inward toward the node of separation. The solution then is:

H = ht = (po/18])(ro/r = 1), 7 <o (3.15)

For the axisymmetric node of separation, the singularity at r = 0 is avoided due to
both surface tension and pressure gradient effects not included in this time self-similar
solution.
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3.2 2D ANALYTICAL SOLUTIONS

Closed form analytical solutions may also be found for a number of interesting cases
of a 2D thin oil film responding to a 3D aerodynamic flow. The flow of a 2D thin oil film
in the immediate vicinity of 3D surface streamline topological singularities, such as nodes
and saddles, leads to closed form solutions. Additional 2D thin oil film test cases suitable
for testing numerical 2D thin oil film solvers involve axisymmetry and are also treated in
this section. These closed form solutions serve as suitable test cases for the more general
numerical 2D thin oil solvers, both direct and inverse, discussed in following sections. In
this subsection, we develop several of these closed form analytical solutions.

Analytical Solutions for Saddles and Nodes

A linearized form of the flow field about surface streamline singularities in 3D aerody-
namic flows was developed by Perry and Fairlie?’. In this section, we make use of relations
based on their work to provide appropriate surface shear and wall pressure fields which
may be generated by the flowfield so as to study the response of a thin oil film about
such surface streamline singularity points. Through a suitable coordinate rotation and
stretching?®, a “canonical” form of the surface singularities may be obtained. Thus, in
this section, although we consider saddles located on a plane of symmetry, the results are
more general. The papers of Perry and Fairlie?® and of Hung, Sung, and Chen?! should
be referred to for a more extensive development of the shear field and pressure field in the
vicinity about a singularity or critical point in 3D aerodynamic flows.

Consider the case of a surface streamline singularity, either a saddle or a node, located
on a surface along a plane of symmetry. Figures 2a and 2b show the defining streamlines
about a saddle of attachment and a saddle of separation, respectively. The streamlines
depicted are either constrained to the surface or form in a symmetry plane for the aero-
dynamic flow above the saddle. Note for the saddle of separation, a streamline originates
from the singularity point and departs into the flow upward from the surface. For a saddle
of attachment this streamline will have flow toward the surface. Figures 3a and 3b further
depict the surface streamlines about a saddle of attachment and a saddle of separation,
respectively. Figures 3¢ and 3d depict the surface streamlines about a node of attachment
and a node of separation, respectively. For convenience, we place the origin of the coordi-
nate system at the location of the surface streamline singularity, (z,z) = (0,0), with the
plane of symmetry occurring along z = 0. At the surface singularity point. both the z-
and z-component of the wall shear stress go to zero, ({72, 7.) = (0,0) at (z, z) = (0, 0)).

For some region locally about this singularity point, the wall shear stress varies ac-
cording to:

Ty = QT (3.16)

T, = bz
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The relative values of a and b determine the characteristics of the singularity. The
saddles and nodes of separation and attachment may thus be distinguished by the values
of a and b:

a<0, b<0, a+b<0:node of separation
a <0, b>0, a+b<0:saddle of separation
a<0,b>0, a+b>0:saddle of attachment
a>0, >0, a+b>0:node of attachment

(3.17)

The pressure field on the surface may also be found, following the analysis of Perry
and Fairlie?°:

Z—: = —(3a+b)/tané

o°P

0z
where 6 is the departure angle of that limiting streamline which emanates from the singu-
larity point and which departs the surface into the flow above as depicted in figure 2b. As
an aside, equation 3.18 implies that for a given value of 97;/8z = a < 0, a lower pressure
gradient will be associated with a saddle of attachment than the pressure gradient associ-
ated with a saddle of separation. This may be of practical importance where a laminar flow
generates a saddle of attachment for a given geometry, while a turbulent flow generates a
saddle of separation for the same flow geometry.

For the two types of saddles and for the node of separation, we have a < 0. The oil
leading edge is applied as a straight edge at, for example, zy < 0, and the oil flows toward
the saddle point or node. The solution domain for the thin oil film is then zg < z < 0.
For the node of attachment, flow is away from the node, and we may chose the solution
domain as £ < z¢ < 0. For the node of attachment, the leading edge of the oil film can
also be chosen to be at the node point (rg = 0). Note that the special case of either the
axisymmetric node of separation or of attachment as treated in the previous section differs
in that a = b and the oil leading edge is applied not as a straight line but at the circle
defined by r = rp.

We first derive the shape of the surface streamlines, since along any given surface
streamline:

(3.18)
0

dz T,

dz _ bz
dz

T; QX

If we assume the streamline passes through the arbitrary point, (z;. zs). we may integrate
the above streamline relation to obtain:
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2 _ (T b/a_ (Ts\b/-a
T=re=D (3.19)
Curves demonstrating the above streamline equation for several values of a/b are shown
in figures 3a-3d for the saddles and nodes of attachment and separation.

To proceed toward a closed form solution for the thickness distribution for an oil film
near a surface streamline singularity point, first consider the saddle of separation. The
streamline flow along the surface in the plane of symmetry is toward the saddle, and thus:

a<0, and b>0

Consider that the wall shear stress effects predominate over the pressure gradient and
surface tension effects, except very close to z = 0. To more properly examine the inclusion
of these effects, we will later resort to numerical solvers. With the assumption of negligible
pressure and surface tension, the 2D thin oil film equation takes the form of equation 3.1,
which we repeat here:

Qﬁ+i(Tzh2)+i(Tzh2
ot Oz 2u, 0z 2u,

First, apply the known shear field of , = az, and 7, = bz, and expand:

)=0

3h+a8(xh2)+ 6(h2)+b(h2

—n — e, T ——

ot or " 2u, 0z 2u, 20
Note that if the oil thickness, h, initially varies at most in = then there is no driving

force for h to subsequently acquire a variation in the z-direction. Thus, 8h/8z = 0 not

only initially, but for all time. A variation in z must occur due to the leading edge. Thus,
h = h(z,t), which leads to:

) =0

Oh 0 zh? h?

En +a%(2uo) +b(2llo

Now, applying the self-similarity relation (h(z,t) = H(z)/t) and rearranging (b # 0
avoids the trivial 1D case):

)=0

dH/(uo — (a + b)H/2) = dz/(ax) (3.20)
Excluding the special case where a + b = 0, we integrate from zy, where h = 0, to z:

(a+b)

200
a )[1—(50) %57), for 0 <z <z (3.21)

a+b

H =

This solution, also see Tanner?, covers the interesting case of thin oil film response
in the vicinity of the surface singularities known as saddles of separation and saddles of
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attachment and is also valid for the node of separation, when such singularities are located
on a plane of symmetry. We will in later sections of this paper also obtain numerical
solutions and discuss in greater depth.

A node of attachment(a+b > 0, a > 0, b > 0) has a different domain of solution and
thus different limits of integration for equation 3.20, resulting in:

2u, To, (a+b)
H = — (=3 .22
(a b)[l (x) ], for 0<zo <z (3.22)

Oddly. for a node of attachment with the “leading edge” located at o = 0, the only
allowable self-similar solution is:

H=2u,/(a+b), forall z

The behavior of the oil film at the location of the saddle differs considerably for the
two types of saddles:

saddle of separation(a+b<0, a <0, b>0): H—=>00. as z — 0
saddle of attachment(a +b>0, a <0, b>0): H=2u,/(a+b), for =0

Also,
node of separation(a+b<0, a<0, b<0): H— oo, as —0

For the special case where a + b = 0, note that for oil to flow from the oil film leading
edge at £ = zo to the singularity at z = 0, we must have a < 0. For this special case,
integration of the ODE above from z, toward = = 0 yields:

ht = H = (—po/a)lnzg/z, for x < zo, <0, and a+b=0 (3.23)

Examination of the form of these solutions, equations 3.21 and 3.23, suggests that a
suitable plot of H vs logio x should prove useful in determining the ratio of the wall shear
stress slopes b/a and thereby, for example, allow determining whether a saddle is a saddle
of attachment or saddle of separation.

Analytical 2D Thin Oil Film Relations

For somewhat more general 2D thin oil film cases we can establish useful relations.
Consider equation 3.1, where we further assume that 7, is a function of z only, and
7, = bz + f(x):

oh J Tzhz 8 h? h?
2 Taal ) T e o) T,

) =0 (3.24)
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Note that h = h(z,t) is a possible solution. If the initial h is only a function of z,
(ho = ho(z)). then initially 8(h?)/8z = 0 and, consequentially, there is no driving force
for h to subsequently acquire a variation in the z-direction. Thus, we may seek solutions
for A where h is only a function of time and z.

Applying the self-similarity relation where h = H/t, noting 8/8z = 0. and rearranging:

) (3.25)

Integrating from zo, where h = 0, to z:

=G [ A0 (g e (3.26)
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4. NUMERICAL SOLUTIONS

Numerical procedures are required to solve for the general time-dependent response
of a thin oil film on a surface subjected to an aerodynamic flow. In the previous section,
we discussed special cases where time self-similar solutions of analytical form were pos-
sible. However, the inclusion of initial conditions, pressure gradient, gravity, centrifugal,
or surface tension effects, lead to a time-dependent oil film response which needs not be
self-similar in time. Also, the geometry of the oil film or the aerodynamic flow will not
typically lend itself to a known analytical solution. Fortunately, CFD methods are readily
available for application to the numerical solution of the general thin oil film problem. In
this section, we describe those methods which we have found most suitable.

Two primary numerical approaches were developed in the present studies. The first
approach we refer to as a direct solver, where the oil film thickness, h(z, z,t), is solved for
knowing the aerodynamic wall shear stress and wall pressure, and where gravity, centrifugal
and/or surface tension effects are included. The second approach we refer to as an inverse
solver, where the wall shear stress, 7(z, z), is deduced knowing the response of the oil film
thickness at several times, h(z, z,t;) and h(z, z, t2), and the surface flow direction, (z, 2),
as well as known wall pressure, and where the gravity, centrifugal and/or surface tension
effects are included. The inverse solver, in particular, provides a rigorous foundation for
the oil film method of experimental measurement of wall shear stress.

The numerical method described is chosen for its simplicity for use with both the
direct and inverse solvers. For the direct solver, the h solution is advanced in time, with
repeated sweeps through the grid. For the inverse solver, the 7 solution is simply marched
once in space through the grid. The dominant physical phenomenon described by the thin
oil film equation is hyperbolic, having a known characteristic direction. The characteristic
direction may be thought of as the direction in which information propagates. Each point
in the thin oil film is only under the immediate influence of its upwind neighboring points.
Thus. the dominant hyperbolic nature of the thin oil film equation allows the direct solver
to advance the solution in time by means of a point-by-point implicit solution. Each point
is advanced in time once those neighbor points which are upwind are advanced in time.
Each time-advance sweep through the grid proceeds from the boundary points inward to
the interior points. .

For the direct solver, addition of the surface tension term introduces an elliptic feature,
which allows information to propagate in all directions. However, the influence of the
surface tension effects on a thin oil film will occur over only a quite limited region. The
oil film is thin (typically a few microns) and is assumed to cover an extended region of the
test surface. For surface tension to be significant, the curvature of the film surface must
be significant. For the film to remain thin, this curvature cannot cover a large region. A
variety of elliptic solution methods may be applied to implement the surface tension terms.
Particularly in two directions, implicit methods unnecessarily complicate the solver. Due
to the large time scale associated with the surface tension terms, however, the simplest
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approach is to incorporate the surface tension explicitly and limit the time step. The time
scale for surface tension, (At, =~ p,L%/oh3), is typically quite large (days rather than
seconds), particularly when compared to the time scale required for accurate solution of
the shear stress terms. Thus, explicit treatment of the complete surface tension terms in
an otherwise implicit point-wise direct solver should prove sufficient and quite practical
for most shear-driven applications. An example of a line-implicit treatment of the surface
tension term (for one predominant direction only) is included in the application section.

For the inverse solver, in contrast, the thin oil film equation remains hyperbolic, even
with the inclusion of the surface tension terms, which then are known source terms.

In the following subsections, we first describe the numerical procedures we use for an
interior node of the direct solver. A Box-Implicit numerical method is described. The as-
sociated numerical boundary conditions are then described. An alternative Finite-Volume
Upwind-Implicit numerical method is also presented. In the final subsection, the inverse
solver numerical methods are described.

4.1 DIRECT NUMERICAL SOLUTIONS

To simplify the derivation of the numerical method, we first neglect the pressure
gradient, gravity, centrifugal and surface tension effects and then add these effects later
in the section. Considering only the viscous terms in the oil flow, the partial differential
equation for an interior point of a thin oil film is given by a simplified version of equation
2.2:

oh o d
FT + %(Uch) + "a—z(Wch) =0 (4.1a)
Tz h
U. = o (4.1b)
h
W, = 2 (4.1c)

The above partial differential equation is hyperbolic and at any point considered
the equation represents a specialized form of the continuity equation which depicts the
convection of the conserved variable h (related to the oil mass at a point) at a velocity
U. in the z-direction and at a velocity W in the z-direction. Any numerical method to
be successful for application with this equation should be conservative and time-accurate,
with consideration given to the direction of the convective velocity.

First integrate the partial differential equation at an arbitrary point with respect to
time, between the two times, ¢; and to, giving:

o 1 [, o . [,
— —_ —_— = 4.2
(ha = ) + 5 (5 /t W) + o (7 /t K2dt) = 0 (42)
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Note, the wall shear stress components, 7,(z, z) and 7. (z, z), are assumed to be known
from the aerodynamic flow and are steady in time. We also assume the oil viscosity is
steady in time. We have seen in the prior section on analytical solutions that the oil film
thickness tends to vary inversely with time according to h = ¢~!. Because of this inverse
time relation over much of the oil film, greater practical accuracy can be obtained by
evaluating the integral with the numerical quadrature given by:

ta
/ R2dt = hiha(ty — t1) (4.3)

t

The above quadrature is exact for h =~ ¢~! while only formally first-order accurate.
Use of a formally second-order accurate quadrature, such as (hy + h2)?(t2 — t1)/4, actually
results in a reduction in time accuracy for many practical cases where the h = t~! time-
similarity is approached. As a consequence of the time-integration, equation 4.2 becomes:

Tz

2u,

Tz

8
hah2 A1) + = (5

(hz —h)+ %( hi1haAt) (4.4)

o

Box-Implicit Direct Solver: Interior Node

We now require spatial-discretization of the oil film into a 2D array of nodes, (i =
1,4max, and j = 1, jmax), with even spacing, Az and Az in = and z, respectively. Thus,
z;; = i1Az and 2 ; = jAz. More complex gridding treatments can be accommodated but
are not treated here.

To develop the Box-Implicit numerical procedure, consider the solution molecule
shown in figure 4. It is assumed that we know the solution at the time level ¢; and
that we desire to advance the solution at node (i, j) to the new time level, . We assume
the convective velocities are U, > 0 and W, > 0. Thus, to solve for hy, ; = h(z;j, 2i 5, t2)
we require the solution at nodes (¢ — 1,7), (¢,j —1), and (¢ — 1, j — 1) to have already been
advanced to the new time level, to. To achieve second-order accurate approximations to
the spatial derivatives, 8/9x and §/3z, we evaluate at the midpoint of the control volume,
i—1/2,5-1/2:

O(7chiha/po)

or io1/2.-1/2 = [(Twh1h2/ﬂ'0)i,j - (Tzhth/ﬂo)i—l,j

+ (1zhiha/bo)ij—1 — (Tzhih2/po)i-1,5-1]/(2AT)
and
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d(rzhihe/po)

9z is1/2.j-1/2 :{(Tzh1h2/l‘0)i,j - (Tzhth/ﬂo)i,j—l
+ (Tehiha/to)i-1, — (Tohiha/po)i-1,j-1]/(2A%2)

where Az = (r;; — zi_1,;) and Az = (z;; — 2;,j—1). Substituting into equation 4.4 and
gathering terms:

Tz
)=
(h1,ij + (h1 = h2)i1,jo1 + (b1 — ha)i—1j + (b1 — h2)i j-1] (4.5)
+ [(rzhih2/po)i1,5-1 + (Tehrha/po)i—1,5 — (Tohiha/po)i j-1)(At/Ax)
+ [(T2hrhe/to)im1,j-1 + (Tzhaiha/po)i j—1 — (Tohihe/1o)io1 ;)(At/ Az)
Now solving for hs ; ;. the oil film thickness at the new time level:

Tr
hz.i,j-l-At(hl hz/#o)i,j(A—x +

hoij ={[h1;+ (h1 — h2)i1j-1+ (A1 — h2)iz1,; + (h1 — h2)ij-1]
+ [(rehihe/po)i-1,5-1 + (Tehrha/ o) i—1,; — (Tzh1h2/po)i j—1](At/Ax)
+ [(T2haha/to)i—1,5-1 + (Tohiha/pho)ij—1 — (Tohika/po)io1 ;](A/ AZ)} (4.6)

7. 7.
/1 + At(hl/ﬂo)i,j(A—:; + 'A"z;)i,j]

Equation 4.6 is the 2D Box-Implicit algebraic equation which allows us to numerically
solve the 2D thin oil film equation, equation 4.1, at an interior node. The Box-Implicit
node equation, as derived here, is second-order accurate in space, with “quasi”-higher-order
treatment of the time variation. The equation is conservative of the oil mass. The Box
method is known to be unconditionally stable. The related boundary condition treatment
required to solve a problem is dealt with in the next subsection.

The interior node equation, equation 4.6, clearly can be solved a single node at a time,
with each interior node being solved sequentially.

The form of the Box-Implicit interior node equation, as given by equation 4.6, is
incomplete in that it does not include additional effects, for example, pressure gradient
effects. If the oil film is sufficiently thin, these additional effects are of minimal significance.

However, a more complete form of the interior node equation is:

h[2k13 ={[h1,ij + ("1 = h2)ic1j-1+ (h1 — h2)i—1; + (h1 — h2); j-1)
+ [(Te = TMe)icrjo1 + (Te = Mg)iory — (Tr — Tg)i j—1)(At/Ax)

-+ [(Tz - Hz)i—l,j—l + (Tz - Hz)i,j—l - (Tz - Hz)i—lsj](At/Az)} (47)
T, - I¥ 7, - Ol
[+ A+ =il
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where

Ty =rzhihe/po = Tcos(y)h1ha/po
T, =r,h1ha/p, = Tsin(y)h1ha/ 1o
II; E(ap/ax - pogz)h1h2(hl + h2)/3ﬂo
II, E(BP/Bz - pogz)hlhz(h1 + hz)/?)uo
T, =roh1/po = 7cos(v)h1/to
T =rahy/po = Tsin(y)ha/po (48)
I =(0P/0z — poga)ha (b + hE 1) /3p,
! =(8P/0z — pogz)h1(hy + hF™) /34,
Rt 5 =has;
k =1, ..., kmax = node iteration level
To derive equation 4.7, we have made use of the numerical quadrature given by:
123
[ Hodt = (B hahatta - 1) (4.9)
t)

As with equation 4.3, equation 4.9 is first-order accurate in time, but is a quasi-higher-
order time variation treatment since the numerical quadrature is exact for the practical
case of h =~ t~L. B N

Due to the presence of hy in the I and I1, terms, iteration at each node (k = 1, kmax)
is required to advance the solution to the new time level. Also. the (i, j, etc.) subscripts
are absorbed inside the parentheses as required to allow evaluation of each term of equation
4.7 at the proper locations.

An important property of the interior node equation (either equation 4.6 or 4.7)
is that the 1D self-similar problem solution for constant 7 (eq. 3.8, htt = u,x) exactly
satisfies either of these algebraic relations. This property of consistency of the interior node
algebraic equations with the 1D self-similar problem considerably enhances the accuracy
of the solution method for most practical problems encountered.
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Surface Tension Terms

Equation 4.7, as shown, does not include surface tension effects, and, thus, the hyper-
bolic nature of the partial differential equation is exploited by requiring only a node-by-
node solution procedure. The inclusion of surface tension incorporates an elliptic feature
and the solution molecule at node (%, j) should then include, for the additional surface
tension terms, information from the nodes between (i — 2,j) and (i + 2, ;) and between
(3,7 —2) and (4,7 + 2).

The simplest surface tension thin oil film approach is to recognize that the time scale
which characterizes surface tension is typically much greater than the time scale which
characterizes a thin oil film acting under shear stress. Thus, the surface tension adjustment
to the wall pressure at each node will be essentially constant during the integration time
step, At. A sufficient treatment of surface tension for most thin oil film calculations would
be an explicit approach where the adjustment to pressure is made at the known time level,
t1, prior to each time step:

P = P,y + P,, where P, = —0[(h1)zz + (h1)::] (4.10)

An example of an implicit elliptical surface tension treatment is given in the applica-
tion section for problems where surface tension acts only in the z direction. However, we
normally would take the above rather simplistic explicit approach due to the predominance
of the viscous terms over surface tension for the thin films which we likely will have an
interest in solving. This is done in order to maintain the simple to code node-by-node
solution procedure.
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Numerical Boundary Conditions

The solution at the interior nodes must be started with an initial condition, where an
initial value of oil film thickness h(z, z,to) is assigned, and then the solution is advanced to
the next time level starting at boundary nodes. Thus, numerical treatments of the initial
and boundary conditions are required. The types of boundary conditions required include
a leading edge case, a corner leading edge case, a plane of symmetry case, a general surface
streamline case and a boundary wall (no-flow) case. An important consideration for 2D
oil film problems is that the boundary condition treatment will depend on whether the
characteristics point into or out of the oil film domain at any particular location on the
boundary.

Leading Edge Boundary Condition

The leading edge of an oil film is the contact line separating the region of the test
surface covered by the oil film from the region of the test surface exposed directly to the
aerodynamic flow.- The wall shear stress at the leading edge will cause oil to flow from the
leading edge into the region covered by the oil. A leading edge may be used as a boundary
condition since the oil film height at the leading edge is known (h = 0), and the direction of
the wall shear stress, 7, and 7, suggests that the convective velocities, U, and W, within
the oil film immediately adjacent to the leading edge allow solution at the interior nodes.
In contrast, at a trailing edge, the wall shear stress will have a direction pointing out of
the oil film region. The advancement of the oil film trailing edge over a fresh surface can
be a difficult subject, involving finger instabilities, and is not treated in this present work.
Therefore, the trailing edge is not a suitable boundary condition for a thin oil film solver.

Over an extended period of time for which air flow occurs past a thin oil film, the
leading edge of the thin oil film will eventually move in the direction of the aerodynamic
flow, uncovering the test surface. However, here we consider the use of oil films in aerody-
namics testing, and for moderate run times the oil film leading edge may be considered to
be stationary.

Further, a complete consideration of the fluid mechanics occurring at the leading
edge of a thin oil film will include surface tension effects. At the leading edge, a contact
line occurs which is defined by the juncture of the solid-air, solid-oil, oil-air interfaces as
depicted in figure 5. Discussion of surface tension effects at the leading edge will be deferred
to the applications section (Section 5). However, the amount of oil mass present in the
control volume associated with the boundary nodes is quite small and for many practical
cases, the simplified treatment of the leading edge presented here proves sufficient.

The simplest leading edge treatment is to align the grid so that either the z = 0 or
j = 0 boundary nodes line up precisely along the actual oil film leading edge. The oil film
thickness for these boundary nodes is then simply held at h = 0, and the solution actually
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starts at the next row of interior nodes, i = 1 or j = 1, using a variant of the interior node
equation 4.6:

2T, T

h271,j =[h1,1,j + (b1 — ha)i, g-1t (hltht/ﬂo)lg 1(3 Az A_x)l,j—l] ( )
4.11

/I + (St o)y (B + 32

Equation 4.11 is the boundary condition equation for the i = 1 row of interior node
points for a leading edge at ¢ = 0. Derivation of equation 4.11 is based on a control
volume analysis which makes use of the mass flux in the z-direction integrated over the
face between (1, 5) and (0, 5):

)15, 5= 2..., jmax

t2 Az
/ / Tzhlhz/ﬂ,odl'dt = (Tzhlhz/[to)l’jAtA.’L'/-?) (412)
t 0

Note that at the leading edge the oil film thickness varies as h =~ z/t between nodes
at 1= 0and 7 = 1. A similar node equation is easily derived for the case of a leading edge
at j = 0.

The intersection of two leading edges, with the i = 0 row of boundary node points
forming one leading edge and the j = 0 row of boundary node points forming the other
leading edge, creates the natural place, (¢ = 1,5 = 1), to start the process of solving for
interior nodes. Again, a control volume analysis for this corner node with hg; = hy o =
ho,o = 0, and assuming a linear variation of oil film thickness toward the node at (1,1)
leads to the corner leading edge node equation:

Te

hai1 =hi111/[1 + At(h1/po)1, 1(A

1] (4.13)

Plane of Symmetry Boundary Condition

A plane of symmetry for the aerodynamic flow may serve as a boundary condition
for the thin oil film equation. Consideration of the plane of symmetry (aligned with the
z-axis) leads to the following relations:

a. O0h/0z =0, but h £ 0.

b. v = 0. but 8v/0z # 0, which implies 7, = 0, but d7,/8z # 0.

C. pog; = 0, but 9p,g,/3z # 0.

d. 8P/0z =0, but P £ 0, and §%*P/82° # 0.

The surface streamline angle, tan(y) = 7,/7,, may be derived from the known shear field.

We assume the row of boundary nodes, (i = 1,7max, and j = 0), is aligned along
the line of symmetry formed in the thin oil film. The numerical form of the symmetry
boundary conditions is based on equation A.3, repeated here as:
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oh  OTh%/2u, 2 oy
a+——a$ (h/2uo8 =0

Evaluating at (i — 1/2,0) using the same numerical techniques leading to the interior
node equation 4.6 results in:

19
haio =[h1:0+ (b1 — h2)i—1,0 + At(Tzh1ha/po)in 0( Az 55}%-1,0] (
4.14)
1 10y
/{1 + At(Tzhl/ﬂo)z,O(A + 582) ]

Equation 4.14 applies in the absence of pressure and/or gravitational effects. For the
more general case where pressure and/or gravitational effects are included, we start with
the complete form of the plane of symmetry equation:

Bh 0  1.h? T-h?

oy 0 . 0P h3 0%P 8pogz
s ) ( )—— __[(—_pogz) ] -
ot B.r 20 2u, 0z Or Oz 3o

—(3u0)(622

) =0 (4.15)

An equation similar to the interior node equation 4.7, but for the boundary nodes
located on the plane of symmetry can now be derived from equation 4.15:

T, =11 1_ 9
h[ﬂ,o =[h14,0 + (1 — h2)i—1,0 + At(—iE;—z - "T:z:_,y —IIn)i-1,0]

T, T 1. o n (416)
ke SN AR AN & | L]
/11 + At( e + 2Tac . + I, 0]
where
Ty =1zh1ha/ e = Tcos(y)h1ha/ o
I, =(8P/0x — pogz)[h1h2(h1 + h2)/310)
T, =(8%°P/02% — 8pog./0z)[h1ha(h1 + h2)/6u,)
Tz =Tz 1//-1‘0 - TCOS( )hl/;u'o
(4.17)

=(8P/0z — pogz)[h(ha + RE 1) /3p,]

nEfl =(8°P/02 — 9pog:/92) ha(hn + by ) /6y
B 0]

2.4.,j =h1,,;

k =1, ..., kmax = node iteration level
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The 8p,g./0z term may appear if the plane of symmetry of the body cuts vertically
through the body. The addition of the pressure and gravity terms requires an iteration
at each node as was done for the interior node equation 4.7. Further, as with the interior
node equation 4.7, if surface tension terms are to be included, we adjust the pressure using
equation 4.10 in a global iteration scheme.

Wall or No-Flow Boundary Condition

A wall boundary condition may be used if the thin oil film is bounded on one side by
a solid wall. The development is similar to the plane of symmetry boundary condition in
that there is no oil flow through the boundary. Indeed, in the absence of pressure gradient
or gravity effects, the plane of symmetry equations, equations A.3 and 4.14, may be used
for a solid wall boundary.

If the effects of pressure gradients, gravity, and/or surface tension are to be included,
however, the 3P/0z and 0h/0z gradients need not be zero for the wall boundary conditions.
As a consequence, a preferable form of the applicable governing differential equation for
the thin oil film along a wall boundary is:

Oh 0 rh

9y O _ OP h3
+ 2=k
ot  Jz 2u,

2, )5, = %[(% - Pogz)3_ﬂo]

Yl L Lk
3u. 022 Bz 8z P9, 5, T

(4.18)

—

The following numerical quadrature should prove useful in deriving the wall boundary
node equation:

2 ,0h 3 Oh,  Ohg
/;1 h aZdt— 2h1h2( gy + g Mtz — 1) (4.19)

Since the wall boundary condition has not been tested in this present study, we defer
in presenting the form of the wall node equation which includes the pressure gradient
effects.

Other potentially useful boundary conditions include a plane of symmetry intersecting
a solid wall, a solid wall intersecting another solid wall, and a general surface streamline.
The general surface streamline boundary condition can be derived for the situation where
the oil streamline is known and the boundary is chosen so as to align with the known
surface streamline. The plane of symmetry boundary condition is a special case of the
general surface streamline boundary condition. The general surface streamline boundary
condition should prove most useful for a mapped grid and is based on equation A.3.
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Finite-Volume Upwind-Implicit Direct Solver: Interior Node

An alternate approach to the finite-difference Box-Implicit numerical method is the
Finite-Volume Upwind-Implicit numerical method. Here, we briefly develop only the in-
terior node equation for a 1D thin oil film case, with U, > 0. The extension to 2D and
a change in sign of U, is not considered here. Further, the pressure gradient, gravity,
centrifugal and surface tension terms are not included, since these terms may be treated
in a manner similar to that employed for the Box-Implicit numerical method.

Figure 6 shows a 1D interior node computational molecule for the Finite-Volume
Upwind-Implicit method. For the Finite-Volume method, h; represents the “average” oil
film thickness within the node volume which lies between z; and z;,;. When needed, we
may use the approximation that the height h; is located at the midpoint of the node. (z; +
z:+1)/2. In contrast, for the finite-difference method, h; represents the oil film thickness
at z; and the average oil film thickness between z;_; and z; is given by (h; + hi_1)/2.

A mass balance during the time interval between ¢, and ¢, for the control volume
defined between x; and ;41 is:

ta t2
(ame)s+ ([ Fovsyadt = [ Firadt) =0
31 31

where fttlz Fidt = (poTzh1haAt/2p,);. Observe that the mass flux, F;, is evaluated at the
cell volume midpoint, z;11/2 = (i + Zi4+1)/2. Thus, the value for (7z); is actually the
value for the wall shear stress at z;.1/2-

We do not directly know the mass flux at the control faces (i.e., Fj1/2), but rather
we know the state of the fluid at the midpoint of the control volume (i.e., h; and F;).
The mass flux at the control volume face is obtained by a second-order upwind biased
extrapolation.

Fi+1/2 = (3Fz — Fi_l)/Q (420)

A first-order flux limit relation is substituted to eliminate overshoots and oscillations
where 8F/0z changes sign:

Fiirp=F, if (F;~ Fi_1)(Fio1— Fi_2) <0 (4.21)

For most nodes the flux limiter is not applied and the mass balance for node ¢ becomes.
with rearrangement:

__[3(7__1__}2)1. _ 4(2’1__2)1._1 + (T 42

(he — hy): Az +
4 Ho Ho Ko

Jim2] =0 (4.22)

26



Rearranging, we obtain the 1D Finite-Volume Upwind-Implicit interior node equation
(without Flux Limiter):

(hg) :[( 1) +£(Tzh1h2 At Tmhlhz 3AL Tzhl

Az, Jim1 - 1Az p, )/l + N )z]

(4.23)

For comparison purposes, the 1D Box-Implicit interior node equation (eq. 4.6) is:

(ha)e = (ko) + (= Ry + (A2} 1+ 22 (B

Numerical boundary conditions are developed similar to the Box-Implicit method, but
the boundaries occur at the node faces, rather than where the node value for h is known.
For example, for a leading edge at z = z¢, hj—¢ # 0 since (z, — Zg)hi=¢ represents the
oil volume contained in the control volume associated with the ¢ = 0 node. Rather, the
leading edge condition implies that F_;/, = 0 for the control volume face located at zo.

Since, in the absence of surface tension, the partial differential equation is hyperbolic,
the ith node depends on only those nodes upwind (e.g., i — 1, etc., for U, > 0) and the
nodes may be solved sequentially. Also, notice that the Finite-Volume Upwind-Implicit
method is mass conservative due to the consistent mass flux treatment at each face. The
method is second-order accurate in space, with a quasi-higher-order time variation treat-
ment. Further, the node equation 4.23 is consistent with the 1D time self-similar solution
for the case of constant 7.

A favorable comparison of results from the Finite-Volume Upwind-Implicit method
with results from the finite-difference Box-Implicit method will be made in the application
section (Section 5) for a 1D test problem.

4.2 INVERSE NUMERICAL SOLUTIONS

Numerical techniques for the inverse solution of the 2D thin oil film partial differential
equation provide the basis for the experimental determination of the wall shear stress
distribution generated on a 2D surface by a 3D flow. Because the inverse method described
here is closely related to and derived from the Box-Implicit direct method described above,
a brief derivation is provided of the interior node equation and boundary conditions. In
the subsections below, we describe both a Two-Time-Level Box-Implicit inverse method
and a One-Time-Level Box-Implicit method. The Two-Time-Level method is useful for
experiments where sufficient optical access is available to view the test surface during the
experiment, while the One-Time-Level method is suited to those experiments where an
image of the oil film is acquired after the experimental wind tunnel run.
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Two-Time-Level Box-Implicit Inverse Method

To apply the numerical technique described here, the oil film thickness at two dis-
tinct times, h(z, z,t1) and h(z, 2,t2), over the entire test surface region of interest is as-
sumed to be known from, for example, optical measurements' #8911 Also required are
measurements®~11 of the surface streamline direction, ¥(z, 2), over the same region. The
aerodynamic flow over the surface is assumed to be steady between these two times. When
pressure gradient effects are important, it is necessary to know the wall pressures during
the same time interval, but the inclusion of pressure gradient, gravity or surface tension
effects does not alter the solution strategy.

In the context of understanding the solution of the 2D thin oil film equation for the
wall shear stress, 7, equation 2.2 may be rewritten as:

ﬂmh2 L _B_’rth
or 2p, 0z 2u,

Where S is a source term absorbing all those terms of equation 2.2 which do not
contain the wall shear stress, 7.

Next, apply a coordinate rotation as given in Appendix A (see eq. A.3) to equation
4.24 by the angle v from the (z, z) coordinate system to the (s, Z) coordinate system aligned
locally with the wall shear stress:

+S=0 (4.24)

2 2
OTh’ TR0y L 5_9 (4.25)

0s2u, 2u, 0z

By examining equation 4.25, notice that we now have a first-order differential equation
for 7 that can be solved along the s-direction which lies aligned with the characteristic
direction, v. The form of equation 4.25 emphasizes the hyperbolic nature of the thin
oil film equation when solving for 7, and that the characteristic direction for the inverse
solver is given locally by +, regardless of the nature of the source terms (including possible
pressure gradient, gravity or surface tension effects). In contrast, when equation 2.2 is
solved in the direct mode for h, inclusion of the pressure gradient and gravity terms can
significantly affect the characteristic direction (U., W.). Further, if surface tension terms
are included when solving in the direct mode for h, the nature of the equation changes
from hyperbolic to elliptic. The consistent hyperbolic (upwind) nature of the thin oil film
equation when solving for 7 enables the inverse solver to incorporate the pressure gradient,
gravity and surface tension effects in a more straightforward manner (without iteration)
than the direct solver.

Although a possible solution strategy would be to solve equation 4.25 along identifiable
surface streamlines, the approach here is to solve equation 2.2 on a 2D grid in a manner
related to the direct solver described earlier. Such an approach is easier to implement for
the general experimental case. A particular advantage to the chosen approach is that the
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difficulty alluded to in Appendix A of finding the s-n coordinate system is thereby avoided.
Knowledge of v, the surface streamline direction, allows us to define the proper domain of
influence, and, thus, which grid points are required to be included in the solution molecule.

The same solution molecule used to describe the interior node for the direct solver
is also used to describe the inverse solver (see fig. 4). The domain of influence shown in
figure 4 assumes 0 < v < 7/2. A rectangular 2D grid is assumed, with even spacing of Az
and Az. Such a 2D array of grid points might, for example, correspond to the 2D pixel
arrangement for experimental data obtained from a series of digital camera images of a
thin oil film on the test surface.

The control volume analysis which leads to the Box-Implicit direct solver interior
node equation still applies for the Box-Implicit inverse solver. Thus, the interior node
equation which forms the basis of the 2D inverse thin oil film solver is a straightforward
rearrangement of the interior node equation for the Box-Implicit direct solver, equation
4.6:

(T)ig ={l(h1 = h2)ij + (h1 — h2)ic1j-1 + (A1 = ha2)io1j + (b1 — ha)ij-1]/ At
+ [(tzh1ha/po)i-1,j-1 + (Tzhrha/po)i—1,; — (Tzhaha/po)i j-1]/ Az
+ [(Tehik2/po)i—1,5—1 + (Tzh1ha/po)i j—1 — (Tzh1ha/po)i-1,51/ A2} (4.26)

/[(h1h2/#o)w( Az + Az )m]

Although the size of the time step between the two images, ({2 — ¢1), may influence
the accuracy of a solution, the stability of the inverse solver, which marches in space, is
not dependent on the time step size.

A more complete form of equation 4.26 may be derived by rearrangement of equation
4.7 (rather than eq. 4.6) so as to include the pressure gradient, gravity and/or surface
tension effects. The inverse solver, even with the inclusion of these terms, does not require
either global or node iteration, unlike the direct solver.

Boundary conditions for the inverse solver may be derived from related boundary con-
ditions for the direct solver, generally by rearrangement. For a leading edge, the boundary
condition for the inverse solver is analogous to equation 4.11:

2 1,

-
71,5 =[(h1 — h2)1,; + (1 — h2)1 j-1 + (h1h2At/uo)1,j—1(§ZE - A_z;:)l,j—l] (127
4.27

€08y gsinfy 3. .
/[(hlh2At/uo)1,J( Ar + 3 Az )1,3]1 J= 27--r]max

For a plane of symmetry, the boundary condition for the inverse solver is analogous
to equation 4.14:
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/[(hltht/uo)i,o(E' + 53,

The inverse solver then solves on a node-by-node basis, starting with the boundary
nodes and then proceeding to each of the interior nodes as the information for each neigh-
boring upwind node becomes complete. For example, provided 0 < v < 7/2, the nodes
would be swept according to the following simple row-column strategy:

a. For i =1, and 7 = 0, advance the plane of symmetry/leading edge boundary node.

b. For ¢ =1, and j = 1, jmax, advance each node in the leading edge boundary.

c. For j =0, and ¢ = 2, imax, advance each node in the plane of symmetry boundary.

d. For an outer loop of ¢ = 2,imax, and an inner loop of j = 1, jmax, advance each of the
interior nodes.

The rectangular 2D grid array described above is a somewhat limiting feature of
the present treatment of thin oil films. A more general grid mapping transformation of
irregularly spaced nodes located at (z; ;, z; ;) to evenly spaced coordinate system ((; j,7:,5)
may be accomplished, but is not treated here.

One-Time-Level Box-Implicit Inverse Method

Optical access to the test surface may be limited during an actual wind tunnel run.
Thus, some researchers prefer to acquire a single image of the oil film taken immediately
at the finish of the wind tunnel run. In this subsection, we derive an inversion method
suitable for analyzing such a One-Time-Level 2D oil film thickness distribution.

The wind tunnel is assumed to have run sufficiently long and the oil film is thin enough
that pressure gradient, gravity and surface tension effects are negligible. Further assume
the oil film distribution has achieved time self-similarity, where h(z,z2,t) = H(z,2)/t.
Thus, we start our derivation with equation 3.3, rewritten here as:

0 1, H?
ox " 2u,

)+i T, H?
0z 2u,

Wind tunnels seldom start immediately at the desired run conditions. Presumably.
the oil film is applied before the wind tunnel starts. Some initial time must occur to
establish the desired run condition, the tunnel then is held at the desired run conditions
for a period of time, and then the tunnel takes a small amount of time to shut down.
During the entire time of the oil flow, the wall shear stress varies, as does the dynamic
head, g.. Following the suggestion of Monson, Mateer, and Menter”-8, it seems best to
consider that Cy = 7/qg is likely to vary less during the time of the oil flow than will .

)—H=0
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We, therefore, rewrite the 2D self-similar equation above as:

0 o i t
5=(Crsh®) + 5-(Cyh?) — 2h/ A (j:((t))
where Cs = 7/qnom, Cyz = Cycosy, Cy, = Cysinvy, and gnom is the nominal or desired
wind tunnel dynamic head. The measured wind tunnel dynamic head during the wind
tunnel run varies and is given by g, (¢). Additionally, the oil viscosity is temperature
sensitive and may vary during the wind tunnel run, which requires that the oil viscosity
variation with wind tunnel time be determined, p,(t). This can be done by measuring the
test surface temperature and then using a temperature calibration for the oil.

The derivation of equation 4.29 from equation 3.3 is not strictly rigorous in that we
integrate equation 3.3 over the time interval from ¢, to ¢, and approximate the integral:

dt=0 (4.29)

ts ty
[ a0 ottt x 82 [ g0t

The difficulty with this is that the oil will not initially have been time self-similar, and
H = h/t will actually vary with time. For the purposes of this single time level scheme,
however, we consider this error source acceptable. The success of the overall method will
be considered in the applications section.

A One-Time-Level Box-Implicit numerical inverse equation form of equation 4.29 suit-
able for interior nodes may be derived in a manner similar to equation 4.26 which solves
the interior node for the Two-Time-Level numerical inverse scheme. The One-Time-Level
interior node equation is:

(Cf)ig ={lhig + him1jo1+ hijor + hi 518
+ [(Csh? cosY)iz1j-1 + (Ch? c0sY)i—1,; — (Cgh® cos )i j-1]/ Az
+[(Csh? siny)i1jo1 + (Crh?siny)i ;1 — (Ch2siny)i_14)/Az}  (4:30)
cosvy sinvwy

JIhZ ;( Az 'E)i,j]

where 8 = 1/f:s’ 9o (t)/po(t)dt. Further, because the oil film distribution for only one
time level is used, the time level subscript on h is dropped.

Leading edge and plane of symmetry numerical boundary conditions for the One-
Time-Level Box-Implicit method may be derived in a manner similar to that of equations
4.27 and 4.28.
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5. APPLICATIONS

An understanding of the behavior of thin viscous oil films can be achieved through
the study of selected 1D and 2D model problems. Selection of these model problems
is made so as to emphasize those physical, mathematical and numerical features which
might arise in considering the use of the methods described in this paper. The relative
influence of wall shear stress, wall pressure, gravity, centrifugal and surface tension effects
can be determined. Comparison between numerical solutions, both direct and inverse, for
those 1D and 2D thin oil films for which closed form solutions can be found will reveal
the suitability of the numerical methods for more general problems. The accuracy of
approximate solution methods used by others in the analysis of experimental data can
be assessed. Demonstration of the rigor, accuracy, and ease-of-use of the mathematical
treatment of these thin oil films, as described here, tends to reinforce confidence in the
continued development and expanding use of thin oil films in the important measurement
of wall shear stress. The utility of the direct and inverse solvers for practical applications
should become apparent from results of those cases presented.

Variable Wall Shear, 1D Case

The first problem considered is a simple 1D model problem where wall shear stress
varies linearly. For this problem, we assume the pressure gradient is either zero or negligi-
ble. Gravity and surface tension effects are also ignored. The solution is known from the
1D analytical relations and we may evaluate the accuracy of both the Box-Implicit direct
and inverse solvers for this case, as well as alternate solution methods which have been
used in other studies for analyzing experimental data.

Assume the wall shear stress varies as 7(N/m?) = a + bz = 20 + 100z, where z is
in meters, with the leading edge of the thin oil film at z = 0 and the film extending to
z = 0.1 meter. Assume the oil film has a kinematic viscosity of v, = 100 centiStokes, with
a density of p, = 1000 Kg/m3. These properties are similar but not identical to commonly
used silicone oil. For the numerical solutions, assume an initial oil film thickness at ¢ = 0
of hg = 10 microns and a time step of dt = 0.1 second.

A closed form time self-similar solution can be obtained for this case using equation
3.7, the analytical relation for a 1D thin oil film:

__
(1+bx/a)1/2)

Figure 7a shows the oil film thickness at several times (t = 0, 20, 40, 60, 80 and
100 seconds) from the analytical solution above, and from the 1D version of the Box-
Implicit direct solver. An evenly spaced grid of 100 points is used for the numerical solver.
The analytical solution assumes an infinite initial film thickness. Some of the observed

H=ht = (u,/7)? /z(uo/f)l/z’dx = 2%2(1 - (5.1)
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differences between the analytical and numerical solutions are due to this differing initial
condition. However, very good agreement (< 1%) between the analytical and numerical
solutions can be seen to occur for those regions and times where the oil film has reduced
in thickness to 3/4 or less than the initial thickness. We consider that the decrease in
differences between the numerical solution and the analytical solution appear to be more
closely associated with the decrease in the oil film thickness relative to the initial thickness
rather than with the increase in time. Clearly, however, the numerical solution approaches
the analytical time self-similar solution as the oil film thins.

Another observation from figure 7a is that for “small” times a corner exists in the
oil film thickness distribution (e.g., £ ~ 0.04m for { = 20 seconds). For larger times,
the corner has convected out of the solution domain. Note that by integration, for the
dh/dz = 0 region with 7 = a + bz, of the 1D form of equation 3.1 for the time variation of
h, we obtain:

h = ho/(1 + hobt/2p) (5.2)

A piecewise analytical solution can thus be formed for this problem with the smaller A
from equation 5.1 or 5.2 being selected. The observed corner occurs where equations 5.1
and 5.2 intersect, . = (a/b)[(1 + hobt/2u)? — 1).

For the Box-Implicit direct solver, an oscillation in the solution appears to originate
from this corner. This oscillation is numerical rather than physical. To solve this numerical
oscillation, a “Flux-Limit” concept is adapted to the Box-Implicit algorithm. For this
Flux-Limit concept to be applied, a first-order (rather than second-order) form of the
Box-Implicit algorithm is used for those nodes where the slope of the oil film thickness
changes sign. The solution from the Box-Implicit Flux-Limit algorithm is shown in figure
7b. Examination of the solution in figure 7b at, for example, ¢t = 20 seconds shows that the
oil film slope changes sign at only two locations, meaning the first-order treatment at these
two nodes is sufficient to eliminate the corner oscillation. Clearly, the corner oscillation is
eliminated with excellent agreement otherwise.

Figure 7c shows the solution from the Finite-Volume Upwind-Implicit direct solver
algorithm. Although the solution appears to be somewhat better behaved than the Box-
Implicit direct solver, a corner oscillation still appears. A Flux-Limit form of the Finite-
Volume Upwind-Implicit algorithm eliminates this oscillation as is evident in the solution
given in figure 7d.

An adaptation of the MacCormack?? explicit algorithm to the thin oil film problem
leads to the solution given in figure 7e. The explicit algorithm is stable since the effective
stability index (CFL= U At/Az ~ thAt/2u,Ax) for this problem is less than 1. No corner
oscillations occur, although slight differences (< 2%)in the oil film thickness distribution
for t = 20 and ¢t = 40 seconds compared to the other numerical solutions are observed.

A further test of the numerical methods is to consider the accuracy of the inverse
solver. To accomplish this, we use the analytical oil film thickness for two times, ¢ = 80
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and ¢ = 100 seconds, as the known input to the inverse or 7 numerical solver. The
7 vs z solution from the inverse solver can then be compared with the original known
7 = 20 + 100z distribution. Figure 8a shows a 7 vs z distribution from the Box-Implicit
inverse solver. The comparison with the known result is excellent, within 1%. A further
test is to use the oil film thickness distribution from the Box-Implicit direct solver as the
input to the Box-Implicit inverse solver as shown in figure 8b. Clearly demonstrated is the
accuracy of these methods for both direct and inverse solutions for this test case.

Shown in figure 8c is the 7 vs x distributions derived by means of the One-Time-Level
Box-Implicit inverse algorithm from the Box-Implicit Flux-Limit direct solver’s oil film
thickness at times t = 40 and ¢t = 100 seconds. Agreement within 1% occurs except for
where the corner region of the ¢ = 40 second Box-Implicit oil film thickness distribution has
not yet convected out of the region of interest. The One-Time-Level Box-Implicit inverse
algorithm requires the input oil film distribution to have become fully time self-similar
(H(z) = h(z,t)t =constant), which has not occurred as yet for the ¢t = 40 second numerical
oil film distributions. A reasonable estimate for the time at which an oil film becomes fully
time self-similar is given by t; = L/U. = Lu/The. For this problem, L = 0.1 meter,
ho = 10 microns and t, ~ 50 seconds. When the input oil film thickness distribution has
evolved to the point where it is time self-similar, the One-Time-Level Box-Implicit inverse
algorithm yields quite accurate results.

An alternate method of solving for 7 vs z that appears in the oil film literature is
based on the ad hoc assumption that the local wall shear stress is inversely related to the
local slope of the oil film height (only one time level is used):

~ (Fo) (2R
r (B)/(5) (5-3)

Figure 8d presents the result of application of this local slope method to determine the
T vs z distribution from the analytical oil film thickness at ¢ = 100 seconds. Comparison
with the known 7 = 20 + 100z distribution reveals obviously large errors (> 50% of the
rise in 7) which result from the use of equation 5.3. These errors can be shown to arise
where d7/dz # 0. In particular, by rearrangement of equation 3.5:

oy, dh ht dr
T= [(T)/(EE)]D - (2%)35

] ‘ (5.4)

The error in equation 5.3 is given by the (ht/2u,)d7/dz term. The increase in 7 of
10N/m? over the region of the oil flow from z = 0 to z = 0.1m leads to an error of 6N/m?
or 60% for this algorithm. It is strongly recommended that the relation of equation 5.3 not
be used except for regions very close to the leading edge of the oil film (as was correctly
done by Monson, Mateer, and Menter”8). Where the oil film is time self-similar and a
single image is available, the One-Time-Level Box-Implicit inverse algorithm described
earlier is recommended instead due to its ease-of-use and high accuracy.
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Constant Wall Shear, Increasing then Decreasing Film Thickness, 1D Case

A feature related to the nonlinearity of the thin oil film equation is explored with
the next problem. The study of the behavior and solution of nonlinear partial differential
equations (PDEs) invariably leads to Burgers’ equation. A point to be made is that, where
T and y, are held constant, the simplest form of the 1D thin oil film equation is identical
to the inviscid form of the Burgers equation. Much of what has been learned from the
study of Burgers’ equation about the behavior and solution of nonlinear PDEs directly
applies to the present thin oil film work. In turn, we realize that the study of the thin oil
film provides a quite practical and possibly interesting physical manifestation of Burgers’
equation. A certain irony exists in the realization that each oil flow study performed by
an experimentalist is also actually a Burgers’ equation experiment.

One CFD problem area studied using Burgers’ equation is the inviscid 1D (or normal)
shock. The present problem examines this shock-like behavior that can arise from the
nonlinear term, even for a thin oil film.

The 1D form of the thin oil film equation is given by:

2
oh + orh*/2u, —0
at oz

An advantage of the thin oil film form is that we may form model problems where 7
varies and even changes sign, allowing us to examine a greater range of fluid physics. Such
a model problem is examined in the next subsection. For the particular model problem
under consideration, however, we assume that 7 = 25 N/m?, p = 1000Kg/m3, v = 100
centiStokes (e.g., v = 100-107® m?/sec) and u = pv = 0.1Kg/m-sec and that these remain
constant.

First note that oil thickness, A, is being convected in the mean at a velocity, U, =
Th/2u, which leads to the nonlinear h? term in the PDE. The characteristic wave velocity,
found by expanding the 0/0z term, is given by U, = 7h/u, which is also equal to the oil
velocity at the air/oil film interface at y = h.

Further assume for this current problem that the initial ({o = 0) oil film thickness
increases linearly with z, followed by region of constant thickness, then decreases linearly
with z followed by another region of constant thickness according to:

h{to = 0) =10°2/0.04, for z < z, = 0.04m
h(to = 0) =hg = 10™%m, for z, = 0.0dm < z < zp = 0.05m
h(to = 0) =107%(3.5 — £/0.02), for zp = 0.05m < z < z. = 0.068m
h(to = 0) =h; =107 %m, for z > z. = 0.068m
Figure 9a shows this initial (9 = 0) oil film thickness distribution, as well as subse-

quent development of the oil film for times of ¢ =4, 8, 12, 16 and 20 seconds. The corners
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initially at z, = 0.04m, x, = 0.05m and z, = 0.068m are also identified in figure 9a to aid
in describing the subsequent oil film development.

By means of characteristic and mass-conservation based arguments, the development
of the oil film thickness distribution with time can be established. Such piecewise analytical
solutions of the oil film provide a basis for comparison with numerical solutions, as well as
provide revealing insight into the shock-like behavior exhibited.

Consider the region between zop = 0 and z,, where the oil film thickness increases
linearly with z. Note that the convective velocity also increases linearly in = and the film
tends to spread, leading to a decrease in the slope of the oil film thickness. Because the
region between z = 0 and z, is linear with constant 7 and p,, we know the 1D time
self-similar solution applies, where Th(t — 16) = u,z. Rearranging slightly, we find the
slope for this region is Ah/Az = po/7(t — 16). The corner at z,, where the linear region
intersects the h = hg plateau, thus moves to the right at a constant wave velocity such
that:

Ta(t) — Ta(to) = ho/(AR/AZ) = (Tho/ o) (t — to)

The wave velocity of the corner at z, is Tho/u, = 2.5mm/sec. Similarly, the corner
at z, is an artifact that moves at the constant wave velocity, Tho/p, = 2.5mm/sec. Also,
the corner at z. moves at the constant wave velocity, 7hy/u, = 0.25mm/sec.

The plateau between z, and z, will retain constant oil film thickness since 0h/0t =
~(Th/p)8h/8x = 0, with corners at z,(t) and z4(t) which appear to translate to the right
at a constant wave velocity of Thg/u.

In contrast, between z; and z., the oil film thickness decreases linearly with z. Thus,
the wave velocity, Th/u,, also decreases in . The corner at z, tends to catch up with
the slower moving corner at z. and the oil film thickness slope becomes steeper, until
a discrete jump of hg — h; occurs with z,(f) = z.(t). The discrete jump forms when
zp(t) = z.(t) = 0.07m at {=8 seconds.

Piecewise solutions for the oil film thickness at ¢ = 4 and ¢ = 8 seconds based on the
above arguments are given in figure 9a.

For times past ¢ = 8 seconds, the discrete jump moves with a wave velocity associated
with the average height of the jump, 7(hg + h1)/2u, = 1.375mm/sec. This wave velocity
can be determined by considering a small control volume of length, Az, with the jump
just entering. The jump is from a plateau of constant thickness, ho, to another plateau
of constant thickness, h;. Thus. the flow of oil into the control volume will occur at a
constant volumetric rate, Th% /24,- The flow of oil out of the control volume also occurs at
a constant volumetric rate, 7h?/2u,. The net rate of increase of oil volume in the control
volume will be 7(h2 — h?)/2u,. However, the initial oil volume present as the jump just
enters the control volume is hyAz. The oil volume present as the jump just exits the
control volume is hgAz. The net change of the oil volume in the control volume as the
jump travels the distance Az is (hgp — h1)Az. The amount of time, then, for the jump to
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travel through the control volume is At = ((ho—h1)Ax)/(7(h2—h?)/2u,). Rearrangement
gives the wave speed of the jump:

U; = Az /At = 7(ho + h1)/2p,

The piecewise solution for the time ¢ = 12 seconds, as shown in figure 9a, results from
application of the above arguments.

When t = 151—31- seconds, the corner at z, will just catch up with the jump at =, =
z; = 7812—1mm. Subsequently, the ko plateau will no longer exist, and the average height
of the jump will decrease as the jump moves to the right, and the wave velocity of the
jump will also decrease. However, a consideration of the known time variation of the slope
of the linearly increasing region (zo to z;), along with the known time variation of the
total oil volume, V = (0.431 — 0.0005¢)10~°m?, in the domain (z = 0 to £ = 0.1mm)
allows calculation of the jump movement and oil film thickness distribution past t = 15%
seconds. The oil film thickness distributions for ¢ = 16 and 20 seconds are also shown in
figure 9a.

Precise knowledge of the piecewise analytical solution for this “shock-like” 1D model
problem allows for assessment of the accuracy of the Box-Implicit method and the Finite-
Volume Upwind-Implicit method for direct numerical solvers. These numerical solutions
are given in figures 9b, 9¢, 9d and 9e.

With the exception of the region about the shock-like jump, the Box-Implicit and
Finite-Volume Upwind-Implicit methods provide quite acceptable solutions. The jump
region, however, leads to large oscillations in the numerical solutions particularly for the
Box-Implicit method without the Flux-Limit treatment. For both the Box-Implicit and
Finite-Volume Upwind Implicit methods, the Flux-Limit treatment improves the solution
about the jump region, but with an apparent increase in jump wave velocity. This increase
in jump wave velocity is likely because the rather simple Flux-Limit treatment is not
mass-conservative as implemented.

Another criticism of the numerical solutions obtained is that the hg plateau is not
preserved, becoming rounded at the z, and z; edges. Upwind methods are known to be
dissipative and this appears to be the reason, with the Box-Implicit method being better
behaved in this regard.

2D Surface Tension Bubble Problem

The next case considered is designed to demonstrate the inclusion of surface tension
terms. The primary focus of the present paper is on the response of an oil film to a
wall shear stress. However, in the vicinity of separation, the surface tension term can
dominate. Thus, it is desirable to demonstrate that the surface tension terms are correctly
implemented in the overall numerical procedure. To do this, we consider a problem where
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the oil film is subjected to only the surface tension term, and, furthermore, the problem is
designed so that features of the oil response are analytically known.

In constructing the present problem, we do not solve the surface tension problem in
general, but only demonstrate inclusion of the surface tension terms and also prepare for
the 3D separation problem of the next subsection. We consider here, then, the simpler
case where the oil film thickness varies only in the z direction.

Where only surface tension effects occur, and then only in the x direction, equation
2.2 becomes:

oh 9 R 9

gy + a 3/10[%(0}"3:::)]} =0 (55)

Assume that oil is spread initially (¢ = 0) so as to assume the shape:

h(z,t = 0) = ho[l — (z/z0)"], for —zo <z < To (5.6)

This initial bubble shape is not in equilibrium and the initial rate at which the bubble
changes shape is known by simple substitution of equation 5.6 into equation 5.5:

Oh 8  h® 0
(ah:o = "oz 3. [a_x("h")]}
" (5.7)
= 62811 (a/a0) P11 ~ 18 /20"

The bubble shape continues to change with time until steady state is reached. The
steady state bubble shape will be given by:

h(z,t = 00) = 1.2ho[1 — (z/20)?], for ~ 2o < T < zo (5.8)

Note the steady state bubble shape given by equation 5.8 satisfies equation 5.5 with
0h/0t = 0, and also has the same oil volume as the initial bubble shape equation 5.6:

Zo
/ hdxr = 1.6h0.’L‘0

—-Zo

An accurate, mass-conservative numerical direct solution method given the initial
bubble shape of equation 5.6 should lead to the steady state bubble shape of equation 5.8
and have an initial rate of change of oil film thickness given by equation 5.7.

As can be seen from equation 5.5, the surface tension term is highly nonlinear (h%)
involving a fourth-order derivative in space. To implement the surface tension term into
the numerical solver, we choose here to use the linearized line-implicit method described
below. Although the method is incorporated in the current example program for nodes
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along the plane of symmetry as well as for purely interior nodes, we describe only the
interior node treatment here.
First, integrate equation 5.5 with time between times t; and t5:

ad_ . o
hg—h1+%[(

t2
3hyzzdt] = :
5) | b =0 (59)

We linearize the h3h ., term at £, as:

(hshz:m:)Q =~ h%(h2)z:cz + 3hfh2(hl)zxz - Sh?(hl)zzz

Substituting into equation 5.9:

0 . oAt

hz—h1+—[(6u

32 (=) (B (h2)azs + BhTha(h1)eas — 2h3(h1)aas)] = O (5.10)

Now evaluate equation 5.10 at the midpoint, (: — 1/2):

oAt )
Su.Azx
{[h3(h2)zzz + 3hTh2(h1)zss — 23 (R1)aza):
— [h3(h2)szz + 3hTh2(h1)zzz — 2R3 (h1)agzli-1} = 0

hai—hi;i+hoio1 — 'h1,1—1 + (
(5.11)

where Ax = z; — ;1.
- The derivative, h;,,, may be found numerically by:

(hezz)i = Qihiyo + Bihip1 + €ihi + vihioy + 6ihi_o
where the coefficients, (a, 3, v, § and ¢€), are given in Appendix B.

Equation 5.10, with substitution and rearrangement, takes on the following matrix
form:

A2;ho i 3+ Alihz,i-z + AQ;ha i1 + BOihZ,i + COihz,H.l + Clihg iy2 = DO; (5.12)

where
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C2; =0
oAt

1, = 140
C 1 (3MOA$)(h1,la1)
oAt
C0; =(m)(hiiﬁi - h?,i—lai—l)
(o]
oAt
B0; =1+ (3# Ax)[h%,iei - h3 i 1B
(¢
+ 3h3 j(aih1iv2 + Bih1ig1 + €ihy s +Yihi i1 + 8ihei2)]
oAt
A0; =1+ (gu—A—x)[h?,ﬂi — Bl 161
o
—3h% ;1 (aicthyisn + Bicihig + €crhiior + vicrha o2 + 6io1heios))]
oAt
Ali :( 3u Am)(h?’zal - h’?,i—lﬂy‘i—l)
[e]
oAt
A2; = —( J(hS_10i-1)

3u.Azx
DO; =h1; + h1i-1
+2h3 j(aih1iq2 + Bikyiv1 + €hy s +Yihiio1 + 0ihail2)
—2h3;_q(aic1hiizr + Bicthii +€cihior + Yiorhiio2 + 81k io3)

The matrix equation 5.12 is then solved by means of a scalar septa-diagonal solver
written for the present work. The scalar septa-diagonal solver is quite similar to commonly
used scalar tridiagonal solvers available, but is seven elements wide rather than only three.

The initial oil film thickness distribution for the model surface tension problem, equa-
tion 5.6 (with 100 centiStoke oil of 1.0 specific gravity and ¢ = 21.01073N/m, ho = 10.0
microns and zg = 0.1 meter) is shown in figure 10. The known analytical steady state
oil film thickness distribution, equation 5.8, is also compared in figure 10 with the present
steady state numerical results using the method described above. The excellent agree-
ment of the numerical and analytical steady state oil film thickness distribution is clearly
indicated.

Figure 11 shows the initial rate of change in the oil film thickness, (0h/8t);¢. for the
model surface tension problem. Again the excellent agreement of the numerical results and
the known analytical form (eq. 5.7) of this feature is clearly indicated. Suggested by this
level of agreement for these features between the numerical result and the known analytical
forms is that the surface tension terms are correctly implemented into the present oil film
solver using the methods described in this subsection.
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Saddle on Plane of Symmetry, 2D Case

As a final example problem, the important practical case of a saddle located on a plane
of symmetry is next examined. Such a flow occurs, for example, in the region ahead of a
cylinder (or airfoil) mounted normal to a wall (or fuselage). Both a saddle of separation
and a saddle of attachment are considered. These saddle cases are calculated by the 3D
direct solver numerical methods described previously and are compared to the known closed
form solution, also described previously. The additional effects of wall pressure gradients
and surface tension for these saddle cases are also examined. This model problem is an
example of a highly 3D separated flow, and the ability of the numerical methods described
to accurately calculate this category of flows is a prime focus of the present study.

For both saddle cases, we assume the saddle (where both 7, and 7, equal zero) is
located at £ = 0 and z = 0. The oil is applied initially (¢ = 0) as a thin film of kg = 10
micron thickness with a leading edge located at £ = —0.01 meter. The oil properties were
chosen to be nearly (but not identical to) those of silicone oil with a constant kinematic
viscosity of v, = 100 centiStokes, a density of p, = 1000 Kg/m3, and a surface tension of
o =21-10"3N/m.

The wall shear stress is assumed to vary according to:

T = ax, and 7, = bz

For the saddle of separation case, a = —2000N/m? and b = 1500N/m3.
For the saddle of attachment case, @ = —2000N/m3 and b = 2500N/m3.
In the absence of surface tension and pressure gradient effects, a time self-similar
analytical solution is given by equation 3.21, repeated here:
2u0t T la+b)

a+b)(1—(—$—a) =z ), for 0 <z < zg (5.13)

h=Ht = (

Further, the shape of the surface streamlines (passing through the arbitrary point
(x5, 25)) are given from the analytical solution by equation 3.19 repeated here:
<= (f)”/“ = (Z2)b/-e (5.14)

Figures 3a and 3b show the shape of the surface streamlines for the two saddle cases
presently considered.

Direct Solver, With and Without Surface Tension Terms
Numerical solutions for the oil film thickness distribution were obtained using the Box-
Implicit method for the two saddle cases, both with and without surface tension. Figure 12

shows the numerical solutions at a time of ¢ = 100 seconds, both with and without surface
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tension. Also shown in figure 12 is the comparable analytical solution (eq. 5.13) for each
case. Figure 13 is similar to figure 12, but shows the region near the saddle point in more
detail. For this problem, the oil film thickness varies only with z and not z, even though
the shear field varies in (x,2). However, the numerical solution procedures are indeed fully
3D with h(r,z). Only the plane of symmetry solution is shown, but the z # 0 numerical
solutions prove to be identical as would be expected for this particular test problem.

The excellent agreement in figures 12 and 13 between the analytical solution and the
numerical solution (without surface tension) gives a clear indication of the suitability of the
Box-Implicit numerical methods we have implemented in the present direct solver. Only
for the grid point located at £ = 0 does a considerable difference between the analytical
and numerical thickness solutions exist. The analytical solutions for both a saddle of
separation and a saddle of attachment are cusped at z = 0. Furthermore, for a saddle of
separation, the cusp at = 0 leads to an infinite oil film thickness, h(z,0) — oo as T — 0.
The numerical solutions have some difficulty in resolving this cusp for the last grid point
at z = 0. A further observation is that as the numerical grid becomes finer (not shown),
the cusp in the numerical solutions at £ = 0 becomes higher appearing to approach the
analytical result.

This sharp cusp, however, will not occur in a real oil film due to surface tension.
Therefore, the inability of the numerics to resolve the sharp infinite cusp at z = 0 is of
little practical significance. Also shown in figure 13 are the numerical solutions for ¢ = 100
seconds where surface tension is included using the line-implicit numerical procedures
described and tested in the previous (surface-tension-only) problem. As can be seen in
figure 13, the surface tension removes the sharp cusp which otherwise appears in the
analytical and numerical solutions. Also, grid refinement (not shown) of the numerical
solutions with surface tension no longer noticeably affects the oil film solutions obtained
in the region of z = 0.

Surface tension appears to more greatly affect the saddle of separation solutions than
the saddle of attachment solutions, due to the more pronounced cusp occurring for the
saddle of separation. From an order-of-magnitude analysis, the extent of domain affected
by surface tension can be approximated by:

2
L, = (T (515
|al

For the present saddle of separation test case, L, =~ 110 microns, while for the present
saddle of attachment test case, L, ~ 80 microns. Based on figure 13, the observed domain
actually affected by surface tension appears to be in the region of Ax = 2L,.

The above calculations do not include pressure gradient effects. The pressure gradient
terms has an all but negligible influence on the thin oil film solutions presented. According
to equation 3.18, the pressure gradient associated with a saddle characterized by 7, = ax
and 7, = bz, will have a magnitude of P, = —(3a+b)/tan8, where 8 =~ 30deg is the angle of

42



departure from the surface of the streamline originating from the saddle into the flowfield.
An order-of-magnitude analysis, shows that the oil film peak will be displaced upstream
of the saddle by L, =~ (3 4+ b/z)hg. For figure 13, the oil film peak associated with the
saddle of separation would be displaced about L, ~ 4hg =~ 20 microns. This displacement
caused by the pressure gradient would be about 1 grid point upstream. For the saddle of
attachment shown in figure 13, the oil film peak would be displaced upstream even less, by
L, ~ 10 microns, or 1/2 grid point. In the absence of pressure gradient terms, the saddle
problem is symmetric in = as well as in z about the saddle. The surface tension terms are
easily incorporated for the symmetric problem. However, the pressure gradient terms lead
to a nonsymmetric (in z) saddle problem. Because the effect of pressure gradient on the
oil film is so small for these thin oil films, the pressure gradient terms were not included
in the calculations for the oil film at this time.

In the remaining portion of this saddle flow subsection, we use the above direct solu-
tions in lieu of experimental data to explore several techniques for analysis of experimental
oil film data. The context of the present study suggests three approaches. The first and
simplest experimental thin oil film analysis in the vicinity of a saddle is to examine the
surface streamlines for a rough estimate of b/a, thereby determining whether the saddle
is a saddle of separation or a saddle of attachment. A second analysis is to examine the
oil film thickness, h vs z/x¢, along the centerline, z = 0, for estimates of the ratio of the
shear gradients, b/a, and, again, whether the saddle is a saddle of separation or a saddle
of attachment. However, the third and most thorough experimental thin oil film analysis
of a saddle is to measure the thin oil film distribution k(z, z), at one or more times, along
with a surface streamline measurement, v(z, z), and then use an inverse solver, such as
described earlier in this paper, to deduce the complete wall shear field, (7.(z, 2), 2 (z, 2)),
in the vicinity of the saddle.

Placement of a pattern of oil dots or other conventional surface oil flow visualization
techniques in the vicinity of a saddle point is straightforward and will result in an image
similar to figure 3a or 3b. From figure 3a or 3b, for each selected surface streamline, s,
we may identify an arbitrary point (zg, zs) through which that streamline passes. Other
arbitrary points (z;, z;) which lay on the same streamline may then be tabulated. In the
vicinity of the saddle, the streamline coordinates will behave according to equation 3.19,
rewritten here in logarithmic form as:

log(-) = (b/a) log(;~) (5.16)

A log-log plot of (2/2,) vs (z/x;) for the saddle cases solved above is shown in figure
14. Note that all the streamlines for each saddle case fall on one line associated with
the b/a ratio for that case. The several saddle cases are clearly distinguishable in figure
14, providing estimates of b/a and identifying which case is a saddle of separation or
attachment. On a plot such as figure 14, each quadrant is associated with either saddles of
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separation or with saddles of attachment but not both. The simplicity of this streamline
analysis approach is compelling. Anticipated experimental complications not evident in
this brief example include the fact that in general the sepratrix emanating from the saddle
will typically be curved rather than straight.

Figure 15 explores the utility of a plot of h vs log10(z/z0). as mentioned in the section
on analytical solutions (Section 3). In figure 15, z is the distance from the saddle along
the plane of symmetry, o is the distance to the leading edge of the applied oil, and A is
the oil film thickness.

The ability to determine experimentally whether a given saddle is a saddle of sepa-
ration or a saddle of attachment may prove desirable. We also may wish to estimate the
ratio of the shear stress gradients, b/a. Figure 15 demonstrates how this might be done.
Consider, in particular, the line shown in figure 15, which represents the special case where
a + b = 0. This is a saddle which is intermediate between a saddle of separation and a
saddle of attachment. For the case where a + b = 0, a plot of h vs logio(z/zo) will be a
straight line, as indicated by the analytical solution given by equation 3.23 repeated here:

ht = H = (—p,/a) In{zo/z), for £ < z9, a <0, and a+b=10 (5.17)

For a saddle of separation, a4 b < 0, a plot of h vs logio(z/z¢) will curve upward from
the straight line as shown in figure 15, even with the effect of surface tension included.

For a saddle of attachment, a + b > 0, a plot of h vs logio(z/z¢) Will curve downward
from the straight line as shown in figure 15, again even with the effect of surface tension
included. Clearly from figure 15, to use a log plot to unambiguously distinguish between a
saddle of separation and a saddle of attachment, oil film thickness data must be obtained
quite close to the saddle (z < 0.03xo).

Inverse Solver, With and Without Surface Tension Terms

“An important aim of the present work was the development and validation of a 2D thin
oil solver suitable for determining the 2D wall shear stress field on the surface bounding a
complex 3D flow. To test, in this subsection, the inverse solver methods described earlier
in this paper, we use the oil film thickness distributions obtained above by our direct
solver for the 3D saddle of separation as the input to the inverse solver. A first oil film
height distribution input case is considered where surface tension effects are not included
in the direct solver, and then a second oil film height distribution input case where surface
tension effects are included in the direct solver. Both the Two-Time-Level (eq. 4.26) and
the One-Time-Level (eq. 4.30) versions of inverse solver algorithm are considered. Surface
tension terms may also be explicitly added to the inverse Two-Time-Level solver algorithm
and are also considered.

Figure 16a and 16b show the 7, (N/m?) = —2000z(m) and the 7,(N/m?) = 1500z(m)
distributions, respectively, for the saddle of separation problem being considered. The
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oil film distribution for this case was obtained using the direct solver without the surface
tension terms (also see fig. 12) and was then used as the input to both the One-Time-Level
and the Two-Time-Level (without surface tension) inverse solvers. For the Two-Time-Level
solver, oil film distributions at ¢ = 75 and ¢t = 100 seconds were used, while for the One-
Time-Level inverse solver, only the oil film distribution at ¢ = 100 seconds was used. The
wall shear stress distributions obtained by the inverse solvers are also shown in figures 16a
and 16b. Note that uneven spacing in 2 was used to demonstrate the ability of both the
direct and inverse solvers to deal with uneven grid spacing and also so as to better resolve
the immediate vicinity of the saddle. Figure 16c shows the 7, vs z results in the vicinity of
the saddle to a finer scale than that of figure 16a. From the earlier discussion of the direct
solver, we know the oil film distribution in the absence of surface tension agrees quite well
with the analytical solution for this case. Figures 16a-16c clearly indicate that the inverse
solver, both the One-Time-Level and the Two-Time-Level algorithms, also performs nearly
ideally, in the absence of surface tension, in calculation of the 2D wall shear stress field
about a saddle of separation.

Surface tension effects do occur about a saddle of separation in an actual experimental
setting. Thus, to examine the ability of the present inverse solver to deal with surface
tension effects, we also consider the case where the input oil film thickness distribution
was produced using the direct solver which included surface tension effects (see also the
discussion of fig. 13). The ability of the direct solver to correctly incorporate surface
tension effects was previously validated in the discussion of the surface tension bubble
problem earlier in this section.

Figures 17a and 17b are wall shear stress results, 7, vs z and 7, vs z, respectively,
for the inverse solvers without surface tension terms in the inverse algorithm. Unlike
the results in figures 16a-16c, however. the input oil film distribution for figures 17a and
17b does include surface tension effects. Some error in the wall shear stress 7, appears
in the immediate vicinity of the saddle of separation as a result of introducing surface
tension effects into the oil film thickness distribution; however, errors in 7, close to the
saddle become quite large. The surface-tension-induced errors are limited to a region of
Az =~ 2L, about the saddle. In spite of the errors we observe, both the One-Time-Level
and the Two-Time-Level inverse algorithms provide nearly identical results.

Next, we add surface tension terms to the inverse Two-Time-Level solver to determine
if these surface-tension-induced errors can be removed. Since the One-Time-Level inverse
solver algorithm relies exclusively on the time self-similar relation A ~ H/t, which is not
valid for the surface tension term, the One-Time-Level inverse algorithm cannot be easily
corrected for surface tension.

Figure 18a and 18b are the wall shear stress results, 7, vs £ and 7, vs z, respectively.
for the Two-Time-Level inverse solver with surface tension terms added. Note that the
surface-tension-induced errors close to the saddle of separation are still present but are
smaller than those of figures 17a and 17b. To improve the accuracy for large time steps. an
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assumption that h =~ 1/t was incorporated into the derivation of both the direct solver and
the inverse solver algorithms. Where the wall shear stress terms dominate, this assumption
aids accuracy considerably. However, where surface tension terms become dominant, large
time steps are not as accurately accomplished with this assumption. The direct solver
results are obtained with a time step of At = 0.1 second. The inverse solver algorithm
is designed for use with experimental data having large time steps between images and is
tested here with a time step of At = 25 seconds.

We have in this subsection demonstrated that the direct solver provides an excellent
representation of the oil film thickness distribution about a saddle of separation or a saddle
of attachment even to the extent of including surface tension effects in the vicinity of the
saddle. Surface tension is found to influence only a quite limited region in the immediate
vicinity of the saddle (Az = 2L, = 200 microns). The One-Time-Level and Two-Time-
Level inverse solver algorithms have also been demonstrated to provide accurate wall shear
stress distributions for the saddle of separation case, except for this limited surface-tension-
dominated region.
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6. CONCLUDING REMARKS

The flow of a thin film of oil placed on a surface and then subjected to the 2D wall
shear stress generated by a 3D aerodynamic flow is extensively considered. The governing
partial differential equation is derived to include the effect of a wall shear stress and wall
pressure gradient on the thin film of oil. Surface tension and gravity terms are included.
We refer to the resultant partial differential equation as the “Thin Oil Film Equation.”
The “Squire form” and the “Tanner form” of the thin oil film equation are shown, in
Appendix A, to be equivalent through a metric transformation. Numerous analytical time
self-similar solutions for the thin oil film equation are described. Of particular interest is
the flow of a thin oil film in the vicinity of 3D aerodynamic surface streamline singularities
such as the saddle of separation and the saddle of attachment.

Another result of this study is that both direct and inverse numerical solution tech-
niques are developed. In addition to the wall shear stress terms, these direct and inverse
solution techniques may additionally include the effects of the wall pressure gradient, grav-
ity and surface tension terms. A Two-Time-Level inverse solver is described which includes
these effects. A One-Time-Level version of the inverse solver is for use in the absence of
the wall pressure gradient and surface tension terms. When the oil film thickness varia-
tions are provided from experimental images of the oil film, the inverse methods provide
a rigorous mathematical basis for an improved form of the oil film based wall-shear-stress
instrument.

The numerical solvers are applied to several model problems having known analytical
solutions so as to evaluate the fundamental accuracy of these numerical methods. Both the
direct and inverse numerical solvers are shown to be stable, accurate and computationally
efficient. One alternate 7 vs x solution method based on the local slope of the film thickness
sometimes suggested elsewhere for oil film based wall-shear-stress instrumentation is shown
to have fundamental accuracy problems leading to, in one example considered, errors of
50% or more. A model surface tension problem with an analytical solution is also derived
to demonstrate the ability of the present solvers to correctly implement the surface tension
terms, which can become important near separation.

An extensive application of the direct and inverse numerical solvers to the case where
oil film flows on the surface in the vicinity of a saddle of separation provides a clear demon-
stration of the success and utility of these numerical methods. The saddle of attachment
case is also successfully treated.

Techniques for the rigorous analysis of the behavior of thin oil films on test surfaces
bounding complex 3D aerodynamic flows have been demonstrated. Instrumentation for
the measurement of the 2D wall shear stress which use these numerical techniques should
be accurate and suitable for use in complex 3D aerodynamic flows.
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APPENDIX A
The Equivalence of the Tanner Form and the Squire Form
of the Thin Oil Film Equation

In this appendix, we show that the 2D thin oil film equation of the form as given
by Squire (see eq. 2.2) and of the form as given by Tanner (eq. A.6 derived below)
are equivalent and may be derived from each other by means of a metric transformation.
Understanding of the details of this transformation is useful in the construction of boundary
conditions. The Tanner form of the thin oil film equation can be useful in formulation of
certain types of boundary conditions, whereas the Squire form of the thin oil film equation
is more compatible with current computational fluid dynamics numerical procedures.

Consider that the test surface covered by an oil film may be described by a cartesian
z-z coordinate system or by an s-n coordinate system attached to the surface streamlines
as depicted in figure Al. Thus, n is constant for a given surface streamline, and s is the
distance along the surface streamline. The local transformation between these two coordi-
nate systems is accomplished by first a rotation ((z, z) = (&, Z)) by the local shear stress
angle, v, followed by a stretching dn = adZ to account for the divergence (or convergence)
of the surface streamlines. Note the stretching function, a, varies with position on the test
surface.

Clearly,
7,
ds = —sdx + Qfdz = cos ydx + sinydz
oz 0z
dn = sz-d:c + @dz = — asinvydz + acosydz
oz 0z

Inversion of the transformation matrix above gives:

' or oz .

dr = -a—sds + gﬁdn =cosyds — (siny/a)dn
0z 0z )

dz = ads + %dn =sin~yds + (cosy/a)dn

Further, transformation of partial derivatives between these two coordinate systems
may be locally accomplished by:

o 858 ond

5z 6209s T bz on
9 850 dnd

52 9205~ 9z 0n

and
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0 0O0rd 020
ds 050z ' 9sdz
9 0z0  0z0
on 0Ondx Ono:z
In the z-z coordinate system, consider the thin oil film equation of the form given by
Squire (restricted to wall shear stress effects):

@+i(rzh2)+_6_ T,h?
ot 0z 2u, 0z 2u,

To transform to the s-n coordinate system for the form given by Tanner, we first
expand:

)=0 (4.1)

0  1-h? 0  1,h? oh?/2u, Oh?/2u,
Bsc(2uo +(92:(2;10)—7'0%’7 ox +7siny 0z
drcosy  Otsiny
+ (720 (ToT + ZRT)
Next, apply the coordinate transformation:
0 ,1-h? 8 t,h? 8h?/2 . Oh%/2
Py ;ﬂ )+ E( o ) zrcos'y(cos7——8/s Po _ asm'y—a/n ”o)
(2] o
oh?/2 h2/2
+ 7sin y(sinw—i;s—l‘ﬁ + acos 72—#)
0T cos . 0tcos
+ (h?/2p,)(cosy £ i —asiny—p- 7
+ sin'yaT;;n’7 + acosan;;n7)

Now, contract the left hand side (mostly, cos? + sin® = 1), and rearrange giving:

0 ,m.h? 8  1,h? 0 ,Th? 2
e )+5(2—%)—5;(2u0)+(7h [2p0)am

which then leads to the s-n form for the 2D thin oil film equation:

oz 2u,

h2

% n 0 ha£2llo + (Th2/2uo)a% =0 (A2)

Note that in analyzing surface streamline images, a would seldom actually be estab-

lished since the stretching, a, distorts angles, and the rotated coordinate, Z, would be used

locally rather than n. Thus, the substitution into the above equation of 8v/8z = advy/dn
would be appropriate, particularly in the formulation of numerical boundary conditions:
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2
% + aT”’a—gz“" + (Th2/2uo)gli =0 (A.3)

To proceed toward Tanner’s form of the 2D thin oil film equation, consider figure A2
which seeks to relate the streamline divergence term used by Tanner (note Tanner uses
the symbol n rather than 1) to the shear stress angle v used in this paper. In figure A2,
two surface streamlines are initially separated by a small distance, n, = a(s,n)n. Note,
7, is given in term of the stretched coordinate, n, whereas 7 is given in terms of the local
unstretched coordinate, 2. Thus, the angle formed between the two streamlines is given by
Ay = (0v/0%Z)n. A small distance, As, along the streamlines the separation will increase
by An = (8v/9Z)nAs. In the limit of small 7 and As, we obtain the relationship:

(S)g- =gz =a4 (A.4)

Substituting this relation into equation A.2 we obtain:

0k 8Th?/2u, 9 1. 97
— 4 170 h*/2p0)(=)=— = A5
Rearranging, we obtain Tanner’s form for the 2D thin oil film equation:
oh 1. 8nTh?/2u,
()t A.6
57 T 17) s (A.6)

Note, 7 can be obtained by integrating equation A.4 along a surface streamline (the
choice for 7g at s¢ can be arbitrarily small):

n = 7’Oe(fso dv/07ds) (A7)
Thus, the two streamlines initially some small distance apart, 7o, at so will be separated
by n at s. But, in terms of the n coordinate, the separation, n,, is fixed:
Tn = a(s,n)n(s,n) = constant

which leads to:

o= aoe—(fso 8y/dids) (A.8)

Equation A.8 does give us the means to analyze a surface streamline image. with
known «(z, z), for the stretching function, a(z,z), and known rotation function, v(z. 2),
required to establish the s-n coordinate system if so desired.

The demonstration presented here that Tanner’s form and Squire’s form of the 2D thin
oil film differ only in the coordinate system reveals the details of the required coordinate
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system transformation. These details should prove useful in correctly formulating general
boundary conditions.
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APPENDIX B
Numerical Forms for §%h/0z3

A centered numerical approximation to the partial derivative, 83h/8zx3, may be found
on an unevenly spaced grid (z;_2,%;—1.%i.Ti+1.Zi+2) by:

(03h/0x3%); = azhiys + Bihiy1 + €hi + vihioy + 0ihi_a

—6(i41 + i1 + Ti—2 — 3Ty)
(Ziv2 — ) (Tig2 — Tiz1)(Tive — Tim1)(Tit2 — Ti—2)
6(.’Ei+2 +Zi—1+Ti—2 — 3.’1,‘1')
Bi =
(Tit1 — 2i)(Tit2 — Tit1) (@ig1 — Ti-1)(Tiy1 — Ti-2)
6(Tiv2 + Tit1 + Tim2 — 3T)
Ti1 — Z3)(Tig2 — Tic1)(Tir — Ti+1)(Tic1 — Ti—2)
5 = 6(Tito + Tit1 + Ti_1 — 3Ty)
(Tio — Ti)(Tiz2 — Ti-2)(Ti2 — Tig1)(Tic2 — Ti—1)
& =— (o +Bi+vi+06)

Q; =

’Yz'=<

A biased numerical approximation to the partial derivative 8%h/ 0z3, may be found
on an unevenly spaced grid (z;_1,%Z;,Zi41:Zi+2:Zi+3) by:

(3h/0x3); = ashivs + Bihitv2 + Yihit1 + €ihi + Gihiq

—6(1‘,'4.2 + Tip1 +Ti-1— 31?,‘)
(i3 — Ti)(Tizs — Tig2)(Tizs — Tis1 ) (Tivs — Tiz1)
_ 6(zit3 + Tig1 + Tim1 — 313)
Bi =
(Tit2 — ) (Tigs — Tig2)(Tiz2 — Tit1)(Tiva — Ti—1)
6(Tits + Tize +Ti_1 — 3z4)
Tit1 — Ti)(ZTits — Tig1)(Tig1 — Tiv2)(Tiv1 — Tiz1)
5 = 6($i+3 + ZTit2+ Tig1 — 3.121')
(i1 — 23)(Tigs — Tio1)(Tic1 — Tiz2)(Tio1 — Tig1)
& = — (0 + G +7v + 6;)

Q; =

’Yz':(
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Figure 1. The thin oil film on a test surface.
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Figure 3c. Node of attachment surface streamlines.
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Figure 3d. Node of separation surface streamlines.
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Figure 4. Box-Implicit solution molecule.
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Figure 5. Thin oil film leading edge.
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Figure 6. Control volume for Finite-Volume algorithm.
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Figure 7a. Oil film thickness from Box-Implicit direct solver
(symbols) compared to analytical solution (lines) for
linear wall shear stress (= 20 + 100 x) case.



150
- Equation 5.1
= = Equation 5.2

t=0

:ll:::"::ll::Jl!Z:"ZZ!HI:H:3”!Zle::lli:‘tl32!IZZlllCZI!ZZ1"::"32IIIZZll::":::ll::ll::lll:‘

h, microns

X, meters

Figure 7b. Oil film thickness from Box-Implicit Flux-Limit direct
solver (symbols) compared to analytical solution (lines)
for linear wall shear stress (= 20 + 100 x) case.
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Figure 7c. Oil film thickness from Finite-Volume Upwind-Implicit
direct solver (symbols) compared to analytical solution
(lines) for linear wall shear stress (= 20 + 100 x) case.
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Figure 7d. Oil film thickness from Finite-Volume Upwind-Implicit

Flux-Limit direct solver (symbols) compared to
analytical solution (lines) for linear wall shear stress
(=20 + 100 x) case.
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Figure 7e. Oil film thickness from McCormack direct solver
(symbols) compared to analytical solution (lines) for
linear wall shear stress (= 20 + 100 x) case.
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Figure 8a. Wall shear stress from Box-Implicit inverse solver.
Analytical oil film thickness at t=80 and 100
seconds used as input to inverse solver.
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Figure 8b. Wall shear stress from Box-Implicit inverse solver.
Oil film thickness at t=80 and 100 seconds from
Box-Implicit direct solver used as input to inverse solver.
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Figure 8c. Wall shear stress from One-Time-Level Box-Implicit
inverse solver. Box-Implicit direct solver oil film
thickness at t=40 and 100 seconds as inverse solver input.
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Figure 8d. Wall shear stress from local-slope method.
Analytical oil film thickness at t=100 seconds used
as input to local-slope method.
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Figure 9a. Analytical oil film thickness at discrete times
(t=0, 4, 8, 12, 16 and 20 seconds) for constant wall
shear stress, non-monotonic initial thickness problem.
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Figure 9b. Box-Implicit direct solver oil film thickness
at discrete times for constant wall shear stress,
non-monotonic initial thickness problem.
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Figure 9c. Box-Implicit, Flux-Limit direct solver oil film
thickness at discrete times for constant wall
shear stress, non-monotonic initial thickness problem.
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Figure 9d. Finite-Volume Upwind-Implicit direct solver oil film
thickness at discrete times for constant wall shear
stress, non-monotonic initial thickness problem.
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Figure 9e. Finite-Volume Upwind-Implicit, Flux-Limit direct solver
oil film thickness at discrete times for constant wall
shear stress, non-monotonic initial thickness problem.
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Figure 10. Initial and final oil film thickness, surface tension problem.
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Initial oil film thickness rate, surface tension problem.
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Figure 12. Oil film thickness for saddle problem, Box-Implicit
method, t=100 seconds.
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Figure 13. Oil film thickness for detailed region near saddle
point of saddle problem, Box-Implicit method,
t=100 seconds.
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Figure 14. Log quadrant analysis of saddle streamlines.
Square symbols form figure 3a, a saddle of attachment.
Circle symbols form figure 3b, a saddle of separation.
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Figure 15. Centerline log analysis for saddle oil film thickness.
O Saddle of separation without surface tension terms.
¢ Saddle of separation with surface tension terms.

m Saddle of attachment without surface tension terms.
o Saddle of attachment with surface tension terms.
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Figure 16a. Oil film wall shear stress for saddle problem using

Two- and One-Time-Level inverse solvers,
no surface tension.
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Figure 16b. Oil film wall shear stress for saddle problem using
Two-Time-Level inverse solver, no surface tension.
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Figure 16c¢. Oil film wall shear stress for detailed region near

saddle point using Two- and One-Time-Level
inverse solvers, no surface tension.
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Figure 17a. Wall shear stress for saddle problem with surface

tension effects using Two- and One-Time-Level
inverse solver without surface tension terms.
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Figure 17b. Wall shear stress for saddle problem with surface
tension effects using Two- and One-Time-Level
inverse solver without surface tension terms.
Open symbols are Two-Time-Level inverse solver results.
Filled symbols are One-Time-Level inverse solver results.
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Figure 18a. Wall shear stress for saddle problem with
surface tension effects using Two-Time-Level
inverse solver with surface tension terms.
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Figure 18b. Wall shear stress for saddle problem with
surface tension effects using Two-Time-Level
inverse solver with surface tension terms.



Figure A1l. Streamline coordinate system.
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Figure A2. Streamline divergence.
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