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Abstract

Direct numerical simulations of fully developed turbulence in an open channel were performed. Effects of surfactants
on heat transfer and the underlying turbulent structures were investigated. As surface elasticity is increased turbulent
fluctuations are damped and the mean surface temperature is decreased. A surface strain model is introduced to explain
this behavior in a heuristic manner. A nondimensional parameter representing the ratio of surface elastic forces to local
inertial forces is introduced. It is concluded that for values of the parameter of order one, surfactants have strong effects
on surface turbulence, whereas an effectively clean surface can be obtained for parameter values less than O(1073).
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1. Introduction

It is well known that surfactants can have significant
effects on the dynamics of free surfaces. Their ability to
strongly damp capillary waves [1] is perhaps the most
well known of these effects, and the mechanisms in-
volved in this process have been the subject of many
investigations. In this regard, recent work [2] has shown
a clear relationship between the existence of natural
surface films on the ocean surface and reduced radar
backscatter from satellite based systems. It has also been
known for some time, since the early work of Rideal [3],
that surfactants can reduce evaporative heat transport at
free surfaces. In addition to the above mentioned effects,
recent simulations by Tsai [4] have shown that surfac-
tants can significantly reduce the level of subsurface
turbulence. Recent experiments by Saylor et al. [5,6] in
which a surfactant was applied to a buoyancy driven
turbulent flow cooled from above, clearly demonstrated
that surfactants have a strong effect on the structure of
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the near surface turbulence. These effects included the
damping of smaller scale turbulent structures, and a
reduction in the average surface temperature. In these
experiments, a so-called liquid phase surfactant was used
[7] which caused no reduction in evaporative cooling.
The experiments [5,6] point to the ability of surfactants
to change the nature of near surface flows in addition to
their known capacity to dampen surface waves or lessen
evaporative cooling. We wish to explore these turbu-
lence damping properties in the current work.
Additional motivation for our present work stems
from the need to accurately determine sea surface tem-
peratures and heat fluxes through infrared sensing of the
ocean surface [8-10]. In these applications, the proper
interpretation of surface temperature imagery is also
an important goal. In this regard, naturally occurring
surfactants may be expected to change the surface
temperature. It may be anticipated, for example, that
reducing latent heat transport would cause the surface
temperature to rise in comparison to the surface tem-
perature in uncontaminated regions. However, the sit-
uation is complicated by the fact that surfactants also
reduce the intensity of subsurface turbulence, thereby
increasing the thermal boundary layer thickness. This
thickening alone, assuming constant heat flux from the
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Nomenclature

A slope of surface tension-concentration curve
by, beyr expansion coefficients for vertical velocity
cns» Courr €Xpansion coefficients for vertical velocity
dys, dsy  expansion coefficients for vertical velocity
channel height

surfactant elasticity

driving pressure gradient

thermal conductivity

kinetic energy of an eddy per unit width
viscous or inner length scale

L., L, L. length scales of computational domain

TRESED

Lg length scale of typical turbulent eddy
Ma Marangoni number

Nu Nusselt number

p pressure

Pr Prandtl number

Pe Peclet number

9o heat flux applied at free surface
R Reynolds number

S surface divergence

t time

t* nondimensional time scale

t nondimensional time

T: convective time scale

Ta dissipation time scale

u, v, w components of velocity
u", v*, wt nondimensional components of velocity
u', v, w components of the fluctuating velocity

u* velocity scale

Urms, Urms» Wrms TOOt mean square velocities

us streamwise component of velocity at the free
surface

Ut nondimensional mean streamwise velocity

Ug characteristic velocity of an eddy

v velocity field

vt nondimensional velocity field

A velocity field at the free surface

/4 work done per unit time per unit width

We Weber number

W spanwise component of velocity at the free
surface

X, y,z spatial coordinates

X, ¥,z nondimensional spatial coordinates

xT, y*, zt nondimensional spatial coordinates

Ve nondimensional free surface location

Greek symbols

o thermal diffusivity

Olsurf surfactant diffusivity

p ratio of Marangoni to Weber number

b surfactant—turbulence interaction parameter

b surfactant concentration

y nondimensional surfactant concentration

Yo equilibrium surfactant concentration

Oth thermal boundary layer thickness

Syt nondimensional distance from free surface

(%] temperature

e nondimensional temperature

o nondimensional temperature

O, temperature at bottom of computational
domain

Opui bulk temperature

[OR average surface temperature

o; nondimensional average surface tempera-
ture

/ Taylor microscale

v kinematic viscosity

n dynamic pressure

0 density

a surface tension

G nondimensional surface tension

09 equilibrium surface tension

Tourf shear at the free surface

Q vorticity

Qf nondimensional vorticity

Q,, Q,, Q. components of vorticity

QF, Q;, QF nondimensional components of vorticity

interface, should decrease the surface temperature. Be-
cause of these competing effects it is not clear a priori
whether, for example, a naturally occurring surfactant
feature on the ocean surface, commonly known as a
surface slick, will appear warmer or cooler in infrared
images.

The experiments cited above [5,6], along with other
recent experiments in a wind wave tank [11] which have
exploited infrared technology to determine the rela-
tionship between the free surface temperature field and
the subsurface velocity field, are also a motivation for

our work. These infrared focal plane array technologies
allow the determination of the surface temperature field
with great thermal, spatial, and temporal resolution. In
this context, we wish to consider the circumstances un-
der which surfactant contamination can cause a detect-
able change in surface temperature. It should be noted
that using the currently available sensors, surface
temperature changes well below 1 K can easily be de-
tected. In remote sensing applications, such tempera-
ture changes may be an indicator of surface slicks of
both natural and human origin. Other related reasons
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for undertaking this work are given in greater detail in
Handler et al. [12].

Surfactants impart an elasticity to the free surface
which in turn allows the surface to maintain shear
stresses. As a result, turbulent eddies which interact with
a contaminated surface will tend to be dissipated by the
viscous boundary layer formed by the resistance offered
by the interface. This interaction may also significantly
change the thermal or mass boundary layers in the re-
gion slightly below the surface. Thus, we are interested
here in characterizing the degree of surface elasticity
necessary to impact the subsurface turbulence.

In previous work [12,13] we have used an open
channel turbulent flow to investigate transport processes
at free surfaces at low Reynolds numbers and essentially
zero Froude number (i.e. no surface deformations). This
flow is convenient for these investigations since the
turbulence which ultimately impinges upon the surface
is generated naturally by mean shear—Reynolds stress
interactions acting near the bottom wall. For these
and other reasons discussed in [12], we have used open
channel turbulence in the work described below.

2. Numerical simulations
2.1. Problem formulation

To explore these issues, a series of direct numerical
simulations of open channel flow driven by a constant
driving pressure gradient were performed in which sev-
eral simplifying assumptions were made. First, the free
surface in these simulations is actually an interface in
which no deformations are allowed. Estimates of the
surface deformations for the strength of the flows con-
sidered here [13] indicate that they are negligible so that

a flat boundary model is entirely appropriate. Secondly,
buoyancy effects were neglected. For simplicity, how-
ever, the passive scalar will be referred to as the tem-
perature field.

Given these simplifying assumptions, the equations
of motion are solved in dimensionless form by choosing
a length scale D, where D is the vertical extent of the
channel, and a velocity scale based on the pressure
gradient, u* = +/|f|D/p, where f is a constant pressure
gradient, and p is the density. The time scale is chosen to
be * = D/u*. Given these scales the equations of motion
in rotational form are given by:

E—v*><9+an+iV2v++lé (2.1.1)
oF R* * o
and

Vvt =0. (2.1.2)

Here, the coordinates in the streamwise, wall normal,
and spanwise directions are given respectively by
(%,,2) = (x/D,y/D,z/D), and the corresponding ve-
locity field is given by v =v/u* = (u", 0", w"). In ad-
dition, 7 = ¢/r*, where ¢ is the dimensional time, so that
Q" =Qr, where Q= (Q,,Q,,9Q,) is the dimensional
vorticity, R* = (u*D)/v, where v is the kinematic vis-
cosity, and m= (p/p+1i(v- v))/u”’, where p is the
pressure, and €, is a unit vector in the streamwise di-
rection. In the following, an overbar will refer either to
the averaging operation or to a nondimensional quantity
depending on the context. The computational domain is
shown in Fig. 1. In the following, y = 1 and y = 0 des-
ignate the coordinates for the free surface and the no-
slip boundary respectively.

The boundary conditions which are applied at y = 1
are those for a surfactant contaminated surface with no
surface deformation and are given by [4,14]:

Free surface
With or without surfactant

e

AY

\ L, = 3/2nD

Ly = 4nD

N\

No-slip boundary
Constant temperature

Fig. 1. Computational geometry and coordinate system. Flow is from left to right.
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o =0, (2.1.3)
1wt 1 o6

L 1o 214
Fy weaw 214)
I owt 1 06

L (2.1.5)

where (2.1.3) expresses the zero deformation condition,
and (2.1.4)—(2.1.5) describe the tangential stress balance
at the interface. Here, We is the Weber number given by,
We = (pu*zD)/ao, where ¢ = 6/0y and ¢ and g, are the
surface tension and its the equilibrium value respec-
tively. The constitutive model for the surfactant is given
by a linearized model [4,14,15]:

G=Ma(l—%)+1, (2.1.6)

where 7 is the surfactant concentration, y, made nondi-
mensional by the equilibrium concentration y,, and
Ma = —(dG/dy)|, is the Marangoni number, where the
subscript 0 signifies evaluation at equilibrium.

Note that with this definition, the Marangoni num-

ber will be positive for all typical surfactant materials.
The advection diffusion equation for an insoluble surf-
actant is used in these simulations and is given by:
T Y (9 =V (2.17)
where v =ule, +wle., Pe = (u'D)/ugs is the Peclet
number for the surfactant, og,s is the surfactant diffu-
sivity, V, = 0/0xé, + 0/0zé,, V2 = 0*/0x* + 8*/0z%, and
the subscript ‘s’ associated with a velocity component
refers to evaluation at the free surface. We note that
setting Ma =0 in (2.1.6) results in the shear free
boundary conditions 0u* /0y =0, and ow' /0y =0 at
y=1

Along with the equations of motion, the nondimen-
sional convective-diffusion equation is solved for the
temperature field and is given by:

00" 1

—,+V+-V@*

= 20" 2.1.8
ot R*Prv ’ ( )

where Pr=v/a is the Prandtl number, and « is the
thermal diffusivity. The nondimensional temperature is
defined as O = [(© — Oy)k]/(qoD), where @ is the
temperature, k is the thermal conductivity, g is the
magnitude of the heat flux directed normal to the in-
terface at y = 1, and O, is the temperature at the bottom
boundary. Our main concern here is the effect of surf-
actants on subsurface turbulence as opposed to the ef-
fects of surfactants on evaporative heat transport. As a
result, we assume that the imposition of the surfactant
has no effect on the surface heat flux, (e.g. a liquid phase
surfactant is used). With this assumption, the boundary
conditions on the temperature field are given by:

00"

oo, y=1 2.1.9
% , y=1, (2.1.9)
6°'=0 y=0. (2.1.10)

2.2. Choice of nondimensional parameters

Our simulations were chosen to correspond to water
flowing in a channel of dimension D =5 cm, so that
p=1gem™3, v=0.01 cm’>s™!, and ¢y ~ 72 dynecm™!.
We choose R* =180 so that u* =0.36 cms~!, which
then gives We = 9 x 1073,

In these simulations we change the surface elasticity
by varying Ma while keeping the Weber number con-
stant. It is significant to note, however, that for real
surfactants 4 = —(do/dy)|, is essentially constant over a
wide range of surfactant concentrations. As a result, the
Marangoni number (Ma = Ay,/0,) can be changed only
by changing y, which in turn changes . It follows that
the Weber number must also change since it depends
inversely on go. We conclude that in a physical experi-
ment it is not possible to change Ma and We indepen-
dently. However, as we discuss in detail below (Section
4), it is the ratio of the Marangoni and Weber number,
B = Ma/We = (4y,)/(pu”’D), which is of greatest im-
portance in this work. Furthermore, f does not depend
on the surface tension so that with 4, p, u*, and D fixed,
it can be changed by changing the surfactant concen-
tration alone. We also note that 4y,, which is sometimes
referred to as the elasticity, can be interpreted simply as
the surface tension difference between a clean and con-
taminated surface which acts to oppose fluid motions
arising from beneath the free surface. Therefore, al-
though we vary Ma with We fixed, this is done merely as
a numerical convenience since it is understood from the
discussion above that f§ is the parameter of importance.
A summary of the parameters in each simulation is given
in Table 1.

In addition, we note that the actual Prantdl number
in pure water at room temperature is ~5. Computations
for such a large Prandtl number would require a very
fine grid resolution to resolve the smallest temperature
scales. The required resolution is beyond our current
computer resources, although we believe the use of a
virtual Prandtl number of 2 for the present study works

Table 1

Simulation parameters
Run R* Pr Ma We Pe p
1 180 2 1072 9x107% 103 1.1
2 180 2 1073 9x107% 103 1.1 x107!
3 180 2 3x10% 9x 107 10 3.3x1072
4 180 2 104 9x1073 10 1.1 x 1072
5 180 2 0 9x1073 -~ 0
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appropriately to simulate turbulent heat transfer pro-
cesses generated by the largest scales of motion [16].

2.3. Numerical methods

The simulations are carried out using the same pro-
cedure outlined in [12] in which a fourth order system is
solved for the vertical velocity and a second order sys-
tem is solved for the vertical vorticity. The other com-
ponents of velocity are recovered from the imposition of
continuity.

With this formulation, a boundary condition in ad-
dition to (2.1.3) is required for v* at the free surface and
can be found using (2.1.2), and (2.1.4)—(2.1.5). This re-
sults in:
o*vt R,

= y=1. 2.3.1
aJ—}z VVevso- y ( 3 )

This condition reduces to 0*v* /3’y = 0 at a shear free
boundary. At the bottom boundary, y = 0, we employ
no-slip conditions ™ = v* = w" =0 and dv* /0y = 0. It
should be noted that the boundary condition for the

vertical vorticity, Qj , in the surfactant case is:

ﬁ =0, y=1 (2.3.2)
a)_) =0V, y=1, .
which would also be valid at a shear free boundary.

The equations of motion (2.1.1)-(2.1.2) and the
evolution equation for the surfactant (2.1.7) were solved
simultaneously with the heat transfer equation (2.1.8)
using a psuedo-spectral approach in which the velocity
and temperature fields are expanded in Fourier modes in
x and z and Chebyshev modes in y. The Courant—
Friedrichs—-Lewy number, defined in [12] remained be-
low ~0.25 in each simulation. The calculations for the
velocity, temperature, and surfactant were fully deali-
ased in the Fourier directions using the 3/2’s rule.

The resolution was 128 x 129 x 128 in the x, y, and z
directions respectively and the corresponding domain
lengths were L,/D =4n, L,/D =1 and L,/D = 3r/2. If
an inner or viscous length scale is defined by /T = v/u*,
then in these units the domain is 2262 x 180 x 848. The
corresponding grid resolution in inner units in the x and
z directions are 17.7 and 6.6, respectively. Length scales
made nondimensional in this way will be denoted with a
superscript +, such as x* =x/I".

3. Turbulence statistics

The initial conditions for the series of simulations
described here were fully converged velocity and tem-
perature fields obtained from our previous work [12].
The surface of the flow was then subject, at £ =0, to a

uniform surfactant concentration field, y = 1. The ve-
locity, temperature, and surfactant fields were then al-
lowed to evolve until a statistically steady state was
achieved before flow realizations were stored for analy-
sis. In each run, the total computational time after the
statistically steady state was achieved was roughly 21
large eddy turnover times, where the turnover time is
estimated as D/u*. The results described below were
obtained from these flow realizations.

It should be noted in Table 1 that for runs 3 and 4,
the Peclet number for the surfactant field was decreased
(i.e. increased diffusion) compared with runs 1 and 2.
The reason for this is that for the lower Marangoni
numbers used in runs 3 and 4 the surfactant field de-
veloped unphysical Gibbs oscillations as the surfactants
tended to occasionally form sharp fronts. Increased
diffusion was needed to eliminate this behavior. In
general, it has been our observation that the use of in-
creased diffusion did not affect the qualitative nature of
the results. It may perhaps be argued that a better ap-
proach would be to introduce, for the equations gov-
erning the surfactant, an algorithm such as FCT [17], or
perhaps a diffusivity which acts only at higher wave-
numbers (i.e. small scales) such as a hyperviscosity.
These approaches may be undertaken in future work.

3.1. Velocity and vorticity statistics

In previous work [12] we have compared a wide range
of near wall statistics to previously established results
and have found favorable agreement. In fact the results
for the so-called clean surface which we present below
were obtained from those previous results. In Table 1,
the parameter of special concern is the Marangoni
number, which was varied from zero (no surface elas-
ticity) to as high as 1072, In the latter case it will be
shown that the surface is highly contaminated, as will
become evident by the significant changes observed
in the underlying turbulence. For purposes of brevity,
we will refer to the Ma = 0 case as the clean case, and
the Ma = 1072 case as the HC (highly contaminated)
case.

Before proceeding to examine the details of the sta-
tistics, it is important to emphasize that because of the
strong anisotropy of the turbulence in the present case,
some statistics will be more greatly affected by the im-
position of surfactants than others. As a result, for
statistics which are only weakly affected by surfactants,
it may be difficult to separate out the effects of the
surfactant from random errors associated with the finite
number of realizations used to compute these statistics.
Nevertheless, in most cases, the effects of surfactants
near the free surface are sufficiently strong so that their
effects on the statistics can easily be discerned. We expect
the effects of surfactants to be important only in the
vicinity (on the order of the Taylor microscale) of the
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free surface. Nevertheless, the statistics show some ap-
parent differences between surfactant and nonsurfactant
cases well away from the free surface. We attribute these
differences primarily to finite sample size effects, al-
though surfactants do appear to have an effect on some
quantities far from the free surface. To separate out the
physical effects of surfactants unambiguously from
sample size effects throughout the depth of the channel
would require a prohibitively large sample size and a
concomitantly large increase in computational effort,
and is therefore beyond the scope of the present work.

The mean velocity profiles, U" = u*, are shown in
Fig. 2. Tt is evident that the surfactant does not affect the
region of logarithmic behavior which exists for each
value of the Marangoni number. It is interesting to note,
however, that the average streamwise velocity at the free
surface in the HC case is about 4% larger than in the
clean case. In Fig. 2, and in some other figures shown
below, we have included inserts which are closeup views
of the results in the region 140 < y* < 180 so that greater
detail can be discerned in the vicinity of the free surface.

In the discussion to follow, a primed quantity will
denote a time dependent one for which the mean has
been removed (e.g. ' is the fluctuating streamwise ve-
locity) and u,ns will denote a root mean square (rms)
value. In Figs. 3-5, the rms profiles for the three com-
ponents of velocity are given. It is clear that in the near
surface region, roughly 160 < y* < 180, that the effect
of surface elasticity is to reduce the rms levels for each

20
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velocity component. In addition, as the surface condi-
tion varies from clean to HC, the turbulence intensities
decrease in a consistent and monotonic manner.

It is evident that for the clean case, the rms levels for
the tangential components of velocity actually increase
as the free surface is approached. Thus there is effec-
tively a local maximum for u;,s and wyy, at the free
surface. This behavior, which has been observed in ex-
periments [18] and in simulations [12,13,16,19-21] ap-
pears to be a result of the redistribution of turbulent
kinetic energy during so-called splatting (upwelling)
events. During such an event (described in [12]), hairpin-
like eddies which originate in the near wall region advect
upward. The flow between the legs of a typical hairpin
(see Figs. 18 and 19 in [12]) forms a vertical jet which
impinges upon the free surface. The vertical kinetic en-
ergy is then redistributed to the horizontal components
of velocity giving rise to the local maxima in their rms
values at the surface as noted above. It is evident from
the results shown in Figs. 3 and 5 that the effect of
surfactants is to eliminate these local surface maxima.
The most striking example of this can be seen in the Wy,
profile. Here it can be seen that adding a small elasticity
to the surface (Ma = 10~*) has changed the location of
the local maximum from the surface to slightly below it.
For the HC case, the local maximum has completely
disappeared and the magnitude of wyy, at the surface has
been greatly reduced relative to its value for the clean
case.

18

16

14

12

10

Ma =0 (clean)

Ma = 10E-4

Ma =3 x 10E-4

Ma = 10E-3

Ma = 10E-2
.

165 170

L
175

180

8 —

6 —

4 Ma=0 (clean) |
Ma=10E-4 -

2 Ma = 3 x 10E-4
Ma=10E-3 ... ... n
Ma=10E-2 _ __ _

0 . N

0.1 1 10 100

y+

Fig. 2. Dependence of the mean velocity profile on surface elasticity.
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075 .
07 A 1
15 08 s 0 185 170 1
1
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0.5 Ma=3x10E-4 .._..._. N
Ma=10E-3 ... ...
Ma=10E-2 _—.—.—._.
0 | | | | | | | |
0 20 40 60 80 100 120 140 160 180
y+

Fig. 3. Dependence of the rms streamwise velocity on surface elasticity. Velocity is normalized by the friction velocity (u*).

0.9
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Ma = 10E-3

40

60

80

y+

100

Fig. 4. Dependence of the rms vertical velocity on surface elasticity. Velocity is normalized by the friction velocity.

Given the scenario described above in which hairpin
eddies are the principal coherent structure giving rise to

surface renewal, it is possible to understand these results
in a heuristic manner. We first note from Figs. 3-5 that
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0.8

I Ma=0 (c':lean)
Ma = 10E-4
Ma =3 x 10E-4
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Ma = 10E-3
Ma=10E-2 ----

0.2

L L s s L L
145 150 155 160 165 170

L
175

40 60 80

y+

100 120 140 160 180

Fig. 5. Dependence of the rms spanwise velocity on surface elasticity. Velocity is normalized by the friction velocity.

the presence of surfactants at the free surface appears to
have little or no effect on the turbulent statistics in the
near wall region (30 > y* > 0). As a result, it is easy to
surmise that the hairpin-like eddies which are generated
there begin their lifetimes with equal strength whether
or not surfactants are present. As a typical hairpin
encounters a surfactant covered interface, we can envi-
sion that at the center of the hairpin the surfactant
material should be swept toward the outer edges of the
vortex system and should accumulate there. The resul-
tant surfactant concentration gradients lead immedi-
ately to a surface shear (see Egs. (2.1.4)-(2.1.5)) in a
direction opposite to the near surface flow, thereby re-
tarding the horizontal (v and w) fluid motions, the re-
tardation being quite evident in Figs. 3 and 5. In
accordance with this description, we would thereby ex-
pect an increase in viscous dissipation in the near free
surface region.

It is important to note that although the effect of the
surfactant is to significantly decrease the horizontal
components at the boundary, we cannot expect, even in
the limit of very high surface elasticty, that the surface
turbulence will approach that of a no-slip boundary.
The principal reason for this is that although the surf-
actant will support fluctuations in surface shear, no mean
shear can be supported. This is evident by taking the
horizontal average (() = (1/(L./D)(L./D)) [dxdz) of
equations Egs. (2.1.4)—(2.1.5) yielding:

(3.1.1)

which is valid at any instant in time. As a result, just as
in the case of a shear free boundary, there can be no
mean turbulence production at a surfactant contami-
nated boundary. Since the existence of a mean shear
appears to be a necessary ingredient for the generation
of near wall streamwise vortices [22,23] we therefore
cannot expect such structures no matter how high the
surfactant contamination. On the other hand, the sig-
nificant damping of the turbulence may give rise to some
charateristics of near (no-slip) wall behavior. We might
expect the character of the turbulence in this case to be
in some sense intermediate between that of a no-slip and
a shear free boundary.

We note in Fig. 4 that surfactants also significantly
damp the vertical velocity fluctuations in the vicinity of
the free surface. In particular, it is of some interest to
examine the near free surface asymptotic behavior for
the vertical fluctuations. These expansions are given
below for the case of a no-slip boundary, shear free
boundary, and a surfactant contaminated boundary re-
spectively as follows:

v = endyt 4 dusdyt + O(Syt), (3.1.2)

vt = bydyt + dyedyt + 08y, (3.1.3)
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v = baurdyt + CourdyT 4+ O(8yT), (3.1.4)

where dy* = y* — y! and y; defines the location of the
free surface. It is clear that to leading order, the asymp-
totic nature of v*’ for the surfactant case and the shear
free boundary case are identical. This is essentially
confirmed in Fig. 6, which is a greatly expanded view
of v very near the surface (179 < y™ < 180), in that

rms

vt~ 8yt +--- for Ma=0-10"3. On the other hand,
for Ma =102 v} appears to deviate somewhat from
linear behavior. This is confirmed by noting that
|(0%v* /0y?)/(Bu* /Op)| = 5 near the free surface for the
Ma = 0-1073 cases, whereas for Ma = 1072 this ratio is of
order 500. This corresponds to the clear curvature indi-
cated in the v profile for Ma = 1072, Thus the presence
of high surface elasticity has changed the asymptotic
behavior of the vertical velocity fluctuations to more
nearly approach that found near a solid boundary. In
Fig. 7 we note that the reduced vertical and streamwise
velocity fluctuations in the surfactant cases have also re-
sulted in a reduced Reynolds stress near the free surface.

The components of vorticity in the x, y, and z direc-
tions are given respectively by:

and their rms profiles are shown in Figs. 8-10. It is ev-
ident from these definitions that in the absence of ver-
tical shear at the free surface (Ow'/0y = du' /0y = 0)
there can be no x or z components of vorticity there, as
indicated in Figs. 8 and 10. On the other hand, the y
component of vorticity is nonzero at a shear free clean
boundary as indicated in Fig. 9. The effect of the addi-
tion of surfactants is clearly to increase both the x and z
components of the vorticity fluctuations at the surface
which can be readily explained by the capacity of surf-
actants to support a fluctuating surface shear. It is in-
teresting to note that for each of these components (x
and z) of vorticity, a local maximum in rms levels occurs
at the free surface in the HC case. While the effect of
surfactants is to strongly increase Q and QF fluctua-
tions, Q}+ levels appear to decrease only marginally. One
possible interpretation for this is that as the hairpin-
like vortices impinge upon the surface from below,
they attach themselves to the surface [24] and create
spin in the plane of the surface. This creates (locally)
an essentially rigid body rotation with very little sur-
face divergence, where the surface divergence is de-
fined by S =V, -vf = —0v"/0y],_,. As will be shown,

o = ow’ _ % (3.1.5) regions of strong surface divergence will be closely re-
oy oz lated to regions of accumulation or depletion of surf-
out  owt actant material. It follows that the surfactant will
. Ou w . . .
Q= = (3.1.6) undergo little compression or expansion after such an
event has taken place, leaving the vortices free to spin
o = % _ % (3.1.7) and thus giving rise to little decrease in vertical
: x  Oy o vorticity.
0.03 T T T T
Ma=0 (clean) 4+
Ma=10E-4 - -x---
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0.025 [ Ma = 10E-3 - . _
Ma=10E2 __m—.
0.02
0.015
0.01
0.005
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Fig. 6. Closeup view of the rms vertical velocity and its dependence on surface elasticity. Velocity is normalized by the friction velocity.
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Fig. 7. Dependence of the Reynolds stress, —«/v/ /u*’, on surface elasticity.
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Fig. 8. Dependence of the rms of the streamwise vorticity, (2.D)/u*, on surface elasticity.

3.2. Temperature and surfactant statistics

In Fig. 11 the mean temperature profiles are shown.
It is clear from these results that the surface temperature

decreases monotonically with increasing surface elastic-
ity. To understand this we note that a linear expansion
of the mean temperature in the vicinity of the free sur-
face yields:
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Fig. 9. Dependence of the rms of the vertical vorticity, (2,D)/u*, on surface elasticity.
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Fig. 10. Dependence of the rms of the spanwise vorticity, (2.D)/u*, on surface elasticity.

(05 — Ovur) = —(0wq0)/k,

where O; is the mean surface temperature and Oy, is a
suitably defined mean bulk temperature which we define

(3.2.1)

here as the temperature where all the profiles in Fig. 11
appear to converge, and Jy is a nominal thermal
boundary layer thickness. This convergence appears at
about y* = 140 where @] ~ —0.085. Since the heat flux
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Fig. 11. Dependence of the mean temperature, ©@*, on surface elasticity.

at the interface is assumed to be independent of the
surface elasticity in these simulations, (3.2.1) indicates
that increases in the thermal boundary layer thickness
will correspond to a decrease in the surface temperature.
In Table 2 we have computed oy, /D and the change in
surface temperature in degrees Kelvin relative to the
clean case. This temperature change was computed using
go = 100 W/m?, which is typical of the heat flux found in
unforced evaporative cooling in a laboratory setting
[25], and D=5 cm. It is evident that although the
temperature changes are small (on the order of 0.3 K for
the HC case), they are an order of magnitude larger than
the thermal resolution (2 x 102 K) of currently avail-
able infrared detectors [5,6,25] and should therefore be
easily detectable. Some confirmation of this result can be
found in recent work [5] in which surfactants were
clearly found to decrease surface temperatures by about
1 K compared to a clean interface. The cooling of the
interface naturally leads to a clear decrease in the Nus-
selt number (Nu = (qoD)/(k(Oy — O;)) as shown in
Table 2.

A heuristic, dynamical explanation for the cooling of
the surface by surfactants can be obtained by referring
to the surface strain model which has been described in
considerable detail in several recent works [12,25-27].
According to the model, the steady state thermal
boundary layer thickness is ultimately determined by the
vertical strain rate, 0v/0y, evaluated at the free surface.

For example, it is envisioned that during a splatting
event, where Ov/0y < 0 at the surface, the thermal
boundary layer is thinned as it becomes compressed
against the free surface. Following the splat, the mag-
nitude of the vertical strain rate decreases and the
thermal boundary layer thickens due to molecular dif-
fusion. In the present case, we should expect the surf-
actant to have essentially no effect on the production of
turbulence at the no-slip wall, so that it can be safely
assumed that surfactants should have no effect on the
frequency of such splatting events. On the other hand,
the strength of the typical hairpin vortex, which we as-
sume to be responsible for the typical splat, is clearly
reduced by the presence of surfactants as it encounters
the surface layer (say one Taylor microscale from the
surface). As a result, the vertical strain rate should de-
crease in the presence of surfactants and we would
therefore expect a thicker thermal boundary layer, which
we indeed observe. In Fig. 12 a plot of the rms of the
vertical strain rate at the free surface versus Ma clearly
shows this decrease and is therefore quite consistent with
this conjecture. It is interesting to note that the vertical
strain rate fluctuations decrease only by an order of
magnitude as the surface elasticity increases by two or-
ders of magnitude. In Fig. 13 we show that there is also a
corresponding decrease in the fluctuations of surfactant
concentration with increasing Ma. In summary, the effect
of surface elasticity as embodied in the surfactant ap-
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Table 2
Thermal statistics

Run Ma dn/D Nu A AOK 0 02

1 1072 0.0812 5.95 —-0.035 -0.29 0.0237 0.141

2 10-3 0.0804 5.98 —-0.034 -0.28 0.0254 0.152

3 3x107* 0.0716 6.41 —-0.023 -0.19 0.0307 0.197

4 104 0.06 6.86 —-0.013 -0.11 0.0321 0.220

5 0 0.0471 7.51 0 0 0.0278 0.209

AQ" is the difference between the mean surface temperature in the clean case and mean surface temperature in any given run. A6 is the
same temperature difference based on a heat flux of 100 W/m? and the thermal properties of water. 0** = (6 — 0y,) /(0 — 05) as defined

in the text. 07

rms

and 0, are rms surface temperatures.

45 ———

35 L

25

05

1e-05

Fig. 12. Dependence of the rms of the surface divergence, S = —0v™ /0y

pears to be sufficient to decrease the vertical strain rate,
which in turn acts to increase the thermal boundary
layer thickness and to decrease the surface temperature
when the surface flux is fixed.

In Fig. 14 the rms of the temperature fluctuations are
shown. Somewhat unexpectedly, the rms levels at the
free surface for the cases Ma = 10~* and 3 x 10~ are
actually greater than for the clean case. This contrasts
with the velocity fields whose rms levels at the free sur-
face decrease monotonically with increasing surfactant
elasticity. This can be explained by assuming that the
surface renewal eddies emanating from below retain the
temperature associated with the fluid far from the free

1, on Marangoni number.

surface (e.g. the temperature of the bulk). In addition, to
first order, we may view the surface rms temperature
field as due to the difference between the temperature of
these eddies and the mean surface temperature, which
clearly decreases with increasing surface elasticity as
noted above (Fig. 11). As a result we might expect that
for the lower Ma cases, the rms surface temperature
fluctuations could actually increase compared to the
clean case. At higher Ma the severely decreased rms
vertical strain rates should give rise to decreased surface
temperature fluctuations. Some confirmation for this
is given in Table 2 which shows that when the surface
rms temperature is scaled to take the mean surface
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Fig. 13. Dependence of the rms of the surfactant surface concentration, y, on Marangoni number.
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Fig. 14. Dependence of rms temperature, @, on surface elasticity.
temperature into account (e.g. we use a temperature perature decreases almost monotonically with increased

0" = (0 — 0y,)/(0, — 6y)), then the surface rms tem- surface elasticity. Finally, Fig. 15 shows that surface
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Fig. 15. Dependence of the convective heat flux, (6'v'k)/(goDu"), on the surface elasticity.

elasticity has dramatically decreased the convective heat
flux, in particular near the free surface. This is directly
reflected in the substantially decreased mean tempera-
tures (Fig. 11) by virtue of the equation for the mean
temperature, which can be obtained by performing a
Reynolds averaging procedure on (2.1.8).

4. A nondimensional parameter for the characterization of
turbulence-surfactant interactions

Examination of the equations of motion and
boundary conditions given by Egs. (2.1.1)-(2.1.6) re-
veals that if R* and f§ = Ma/We are fixed, then the flow
dynamics must remain unchanged regardless of the
values assigned to Ma and We. This simplification would
of course not be possible if we allowed for surface de-
formation. As a result, we must assume that f alone is
the parameter controlling the effects of surfactant—tur-
bulence interactions. If we define the surface elasticity
[15] as E = —(da/dy)|,y,, then f = E/(pu*’ D). This pa-
rameter may be viewed simply as a ratio of elastic sur-
face forces to fluid inertial forces, although we develop
another interpretation below. In order for f§ to be useful
in describing the physics it should obviously be deter-
mined on the basis of local velocity and length scales
characteristic of the typical eddies in the flow in the vi-
cinity of the surface. We therefore choose a parameter

pL = E/(pUkLg) = p(u*/Ug)*(D/Lg), where Ug is the
velocity scale associated with a typical energy containing
eddy of size Lg.

For the present simulations we have computed f;
(shown in Table 3) by using Lg/D = (21)/D ~ 0.4 (see
[13]), where Z is a typical value of the Taylor microscale
near the free surface, and Ug/u* ~ 1, which is a typical
free surface rms velocity. We define the microscale here
as /> = 21 /(dv/dz)?, where v represents any fluctuating
velocity component. We have used here a rough average
(for the clean case) over all three velocity components of
the spanwise (z) microscale. It turns out that this mi-
croscale varies little at the free surface with respect to the
chosen velocity component.

For comparision purposes, we have also computed
pL (shown in Table 4) for the case of a two dimensional
vortex pair interacting with a flat free surface [25]. In this
case the flow was obviously much simpler than for the
case of fully developed turbulence, although we might
think of the vortex pair as mimicking the legs of a
hairpin-like vortex as it impacts the free surface. On the
other hand, although the vortex pair may be a useful
idealization, it must be kept in mind that the two di-
mensionality of the vortex pair prevents vortex reat-
tachment to the free surface [24] which is allowed in the
three dimensional turbulence case. It is evident that for
both the turbulence and vortex pair that ff; ~ 1 in the
most contaminated cases and that in these cases the
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Table 3
Surfactant-turbulence interaction parameter for current simu-
lations

Run § Uk /u* A/D L

1 1.1 1.0 0.2 2.78

2 1.1x 107! 1.0 0.2 2.78 x 107!
3 3.3x 1072 1.0 0.2 8.33x 1072
4 1.1 x 1072 1.0 0.2 2.78 x 1072
5 0 1.0 0.2 -

Ug is the rms velocity and A is the Taylor microscale for a
typical eddy near the free surface. B, = E/[pU:Lg] is the tur-
bulence-surfactant interaction parameter and Lg = 24.

Table 4
Surfactant—turbulence interaction parameter for vortex ring
simulations

Run ﬂ UE/M* dE/h ﬁL

7 2.78 x 1073 0.1 0.4 6.94 x 107!
10 2.78 x 107# 0.1 0.4 6.94 x 1072
11 2.78 x 1073 0.1 0.4 6.94x 1073
12 2.78 x 107¢ 0.1 0.4 6.94 x 107*

The nature of the various simulations given above as well as the
definitions of Ug, the tangential velocity, dg, the vortex dia-
meter, u*, and h are given in Ref. [25]. B = E/[pUZdg] is the
turbulence-surfactant interaction parameter.

effects of surfactants were dramatic. For example, in the
turbulence simulations (run 1) there was a strong de-
crease in wyys and a large drop in surface temperature,
and in the vortex pair calculations (run 7), there was a
strong rebound of the pair from the contaminated
boundary. For ff; ~ 1073 (run 12), the vortex pair ex-
hibited no rebound from the free surface and had a
trajectory which was virtually identical to that of a clean
surface, and for f; ~ 1072 (run 11) the pair exhibited a
weak rebound, indicating that this was a transitional
case between clean and HC. In a similar manner, for
B ~ 1072 (run 4) in the present simulations, the effects
of surfactants were discernable but negligibly small for
the full range of turbulence statistics. It is clear that
there is a surprisingly good correspondence between the
turbulence case and the vortex pair results with regard to
the behavior of the near surface flow as a function of f3 ,
in spite of the aforementioned differences between the
two and three dimensional dynamics. As a result, we
conclude that for f; <1073 the flow will behave essen-
tially as if the surface were uncontaminated. On the
other hand, for ff; > 1, the flow will be strongly affected
by surface elasticity.

It is also possible to interpret 5, in a heuristic sense,
as a ratio of time scales. For this purpose, we can form
the two time scales T, = Lg /U, and Ty = (pUgL?)/E, so
that 8, = T./T4. To interpret these scales, we envision a
columnar eddy of effectively infinite length in the z di-

rection, and of diameter Lg with characteristic velocity
Uk corresponding to the fluid velocity at the outer edge
of the eddy. The scale 7. can then be viewed as the
eddy turnover time. When such an eddy encounters
a contaminated interface, it loses energy due to the
work done it performs to compress the surfactant in
the plane of the surface. Referring to (2.1.4-2.1.5),
the shear stress generated in this process may be esti-
mated by teyr ~ E/Lg so that the work per unit time
per unit width can therefore be estimated as W =
TsufLEUE ~ EUg. The kinetic energy of the eddy per unit
width of the eddy can be estimated as K = pLiUZ. It
follows that 7y = K/W, which we interpret as a dissi-
pation time scale in the sense that it gives a rough es-
timate of time it takes for an eddy of a given kinetic
energy to dissipate due to its interaction with an elastic
surface. Thus when f; ~ 1 eddies are dissipated quickly,
on the order of an eddy turnover time, and we expect
the effects of surfactants on the near surface turbulence
to be large. On the other hand, f; <« 1 implies that the
surface is almost inviscid and the eddies are barely
damped, leading to clean behavior. Since the simula-
tions show that ; <1073 is required to minimize surf-
actant effects, this implies that a large separation of time
scales is needed to render a surface effectively uncon-
taminated.

5. The structure of the thermal and velocity fields near the
free surface

In order to gain some further insight, we display in
Figs. 16(a)~(d) and 17(a)~(d) instantaneous horizontal
(x — z) snapshots (e.g. each image in Fig. 16 was obtained
at the same instant of time) of various surface field
quantities for the weakly contaminated case (Ma = 107%)
and the HC case respectively. In each figure, the mean
flow is in the positive x direction, (left to right). In pre-
vious work [12] we described in some detail the relation
between the surface temperature field and the underlying
hydrodynamic field for an uncontaminated interface.
This discussion will not be repeated here except to restate
a principal conclusion of that work: regions of low
streamwise velocity near the surface are closely corre-
lated with upwellings from hairpin-like eddies which are
advected from below. This warmer low speed fluid tends
to form a wake-like pattern on the surface quite remi-
niscient of what are termed fish scales. The surface tem-
perature and streamwise velocity shown in Fig. 16 are
qualitatively the same as in the clean case described in
[12]. For example, in the region identified as A in Fig. 16,
the patch of warm fluid is well correlated with a region of
low streamwise velocity. The surface elasticity in this case
is apparently sufficiently small so that upwellings from
below can break through the surfactant layer and give
structures quite similar to the clean case.
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Fig. 16. Instantaneous visualizations at the free surface for Ma = 10~*. (a) Fluctuations of the temperature, @; (b) fluctuations of
streamwise velocity, u™; (c) the surfactant concentration, ; (d) fluctuations of surface divergence, —0v™/ 8)7|y:1,

.Before proce;eding, we note that (2.1.7) can be re- a_?Jrv: V= -3, (5.1)
written (neglecting diffusion): ot
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(d) -0.5-0.2 0.0 0.2 0.5

Fig. 17. Instantaneous visualizations at the free surface for Ma = 1072, (a) Fluctuations of the temperature, ®*; (b) fluctuations of
streamwise velocity, u™; (c) the surfactant concentration, 7; (d) fluctuations of surface divergence, —0v™" /6)7|y:l.

where S = —0v*/ 6)7|y:1 is the surface divergence as no- clearly show that the surface divergence acts as a source
ted earlier. Since y is always positive, these relations term for surfactant concentration is such a way that in
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regions where S < 0 we can expect surfactant to accu-
mulate and conversely when S > 0 surfactant material
should be removed.

It is evident from Fig. 16(c) and (d) that there is a
close correlation between S and the surfactant concen-
tration. In region A, for example, there is relatively large
patch for which S > 0 which corresponds clearly with a
region of very low surfactant concentration. This region
of positive surface divergence must also be one in
which the vertical strain rate is negative, which would
betypical of a splatting event. This type of event ap-
pears to be the most prominent appearing in the sur-
face concentration and surface divergence fields, at least
in the case in which the surface elasticity is small. We
note that in this case, the excursions in the surface con-
centration are large, ranging from O(0) to greater than 3,
and the corresponding surface divergence fluctuations
are also large, ranging from O(-20) to greater than 20.

The structure of the surface fields in the HC case is
shown in Fig. 17. The correspondence between the low
streamwise velocity regions and warm spots in the sur-
face temperature field are evident just as they are in Fig.
16. In particular we have highlighted a region labeled
B which contains within it a mushroom shaped high
temperature patch which is correlated with a low speed
region in Fig. 17(b). An interesting aspect shown in Fig.
17(b) is the apparent existence of a streaky structure in
the streamwise velocity field. This structure, although
not nearly as prominent as that found in the near wall
region of a turbulent boundary layer, may nevertheless
indicate some local formation of coherent structures.
Since it is well known that such structures are dependent
on the existence of a mean shear, which is clearly absent
in this case, the appearance of such structures in the
surfactant case seems unlikely. On the other hand,
surfactants can support a substantially large fluctuating
shear, as evidenced by the large magnitude of the rms
value of the spanwise vorticity at the free surface in the
HC case shown in Fig. 10, so that the production of
local shear flow instabilities in the HC cannot be ruled
out. In Fig. 17(c) and (d) the surfactant concentration
and the surface divergence are shown. It is clear that the
fluctuations in both are strongly reduced compared to
the nearly clean case. This is certainly to be expected
since the high elasticity of the surfactant should strongly
damp upwelling events.

6. Summary and conclusions

A series of simulations of statistically steady open
channel turbulence were performed in which the effects
of surfactants were studied. As the surfactant elasticity
was increased, the turbulence intensities were signifi-
cantly decreased near the free surface. Particularly
strong decreases were found in the spanwise velocity

fluctuations. All three components of the vorticity were
affected by the surfactant, with significant increases
found in the horizontal (x — z) components of vorticity
caused by the ability of surfactants to sustain significant
fluctuating surface shear stresses. The presence of surf-
actants was found also to decrease the average temper-
ature at the free surface. This can be understood by
observing that splats tend to thin the thermal boundary
layer in competition with thermal diffusion which tends
to thicken it. Since surfactants decrease the intensity of
the splats, the vertical strain rate is correspondingly re-
duced, giving rise to a thicker thermal boundary layer.
The decrease in the mean surface temperature was found
to be about 0.3 K lower in the case of high surface
contamination compared to a clean surface. This result
corresponds reasonably well with recent experimental
studies in which high resolution IR sensors have been
employed. In addition, the temperature fluctuations,
appropriately normalized, are also decreased by the
presence of surfactants.

A nondimensional parameter f;, which can be in-
terpreted as a ratio of elastic forces to inertial forces, or
as a ratio of a local convective time scale to a dissipative
time scale, seems to characterize surfactant-turbulence
interactions. Comparison of the current turbulence
simulations with results from previous simulations of a
vortex pair allow the conclusion that for f; ~ O(1),
surfactants have a significant effect on surface turbu-
lence, whereas an effectively clean surface can be ob-
tained for f, < O(1073).

Visualizations of the structure of turbulence at the
free surface were performed for a weakly contaminated
case and a highly contaminated surface. The weakly
contaminated case showed a turbulence structure quite
similar to the clean case which was investigated in earlier
work. In this case, the surfactant concentration at the
surface had large fluctuations which corresponded well
with the surface divergence field. Regions of positive
surface divergence, which can be associated with splat-
ting events, were well correlated with large deficits of
surfactant material. In the highly contaminated case, a
steaky structure was found in the streamwise velocity
field. It was speculated that this may be due to the large
fluctuating surface shear stresses in this case which may
give rise to local streamwise oriented surface structures.
In this case the large surface elasticity suppressed fluc-
tuations in surfactant concentration and in the surface
divergence.
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