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Abstract—The net transfer across an air-water interface depends on heat transfer in the aqueous surface

layer, radiation at the interface, and sensible heat and water vapor transfers in the air surface layer. The

coupled problem for this net transfer across an interface under the action of a turbulent air flow is solved

by application of a theory for rough wall flows. Theoretical predictions and data obtained in a laboratory

facility are in quantitative agreement. Prediction of transfers and interface temperature is made from

knowledge of the interface shear stress and mean roughness height plus temperature and humidity at a
point in the air surface layer and the temperature at a point in the water surface layer.

NOMENCLATURE

Cpr heat capacity (specific heat at constant
pressure) [Jkg ' K™'];

D, molecular mass diffusivity of water vapor in
air [m?s™'];

E, emissivity of radiation;

H,  humidity [kg vapor/kgdry air];

h, mean roughness (wave) height [m]};

h, mean height of high frequency components
[22] [m];

h,,  representative rms height corresponding to
peak of frequency distribution of local scale
height [22] [m];

K,  effective diffusivity [m?s™'];

K, von Karman constant;

L, latent heat of vaporization for water
Dkg™'L;

Ly,  Monin—-Obukhov length ; approaches o
for neutrally stable flows considered herein
[m]:

f, mixing length or scale of turbulent eddies
[m];

Pr,  v/x;Prandtl number;

Pr,,  &p/ey; turbulent Prandtl number;

Q. latent heat transfer at the interface
(Wm~?];

Qr, net radiation flux from the interface
[(Wm™2);

Q,,  sensible heat flux in the air [Wm™?];

Q;, total heat flux = heat flux in water surface
layer (Wm™2];

Qv,  water vapor flux in the air [kgm™?s];

g specific humidity [kg vapor/kg mixture];

Qe interface specific humidity;

Re, , Reynolds number = 8,U(8,)/v;

Sc, v,/D; Schmidt number;

Sc,,  &um/eg; turbulent Schmidt number;
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St,,  heat transfer Stanton number in air;

St,, latent heat transfer Stanton number at
interface ;

St,., water vapor mass-transfer Stanton
number;

St., heat transfer Stanton number in water;

T,  interface temperature [°C];

U¢z), horizontal component of the velocity
[ms™'];

u,, (to/p)'?; friction velocity [ms™'];

W) w?)'2, root-mean-square velocity

fluctuations in horizontal and vertical
directions, respectively;

X, streamwise distance (fetch) from start of
boundary layers [m];

z, vertical coordinate ; measured positive
upwards from mean interface level {m];

zo,  wall roughness parameter [m].

Greek symbols

Bs,  Qs/Q.; Bowen ratio;

AT, T,—T,;water-air temperature difference
[cl;

8¢.07, matched layer thicknesses [m];

8,8, sublayer thicknesses [m];

»  viscous sublayer thickness [m];

g, water vapor (mass) eddy diffusivity
[m?s™};

ey,  thermal eddy viscosity [m?s™'];

ea,  eddy viscosity [m?s™'];

", displacement of interface from the mean
level [m];

3 molecular thermal diffusivity [m?s™'];

v, kinematic viscosity [m2s™1];

iy density [kgm3];

o, Stefan—Boltzmann constant [5.673
x107*Wm™2K™4];

1o,  shear stress at the interface [kgm™1s™2];

®,, @, dimensionless gradients; equal Pr,

and Sc, when the Menin—Obukhov length

Lg= 0.
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Subscripts
d, air surface layer;
b, quantity measured in bulk or fully

turbulent portion of water stream at depth
124l
(.q, water-vapor-related property in air;
T,t, thermal or heat-transfer-related property;
w, water surface layer.

Superscript

+,  dimensionless (Reynolds) numbers, e.g.
h* =u, kv

1. INTRODUCTION

MANY papers have been written about transfers
across an air-water interface. With the single
exception of Kotake [1,2], who solved laminar flow
systems, all have been focused on cither the air or the
aqueous surface layers. Thus, the coupled surface
layer transport problem remains unsolved for turbu-
lent flow conditions. However, the turbulent flow
conditions are important for a range of engineering
and geophysical applications where a phase-
changing interface is involved.

In Street and Miller [3] the theory of rough-wall
flows was applied to obtain the thickness of the
viscous and thermal sublayers in the water beneath
an air-water interface. In the present paper the
concepts outlined in [3] are applied to both the air
and water surface layers and the resulting transport
estimates are summed to obtain the total transport
in each layer. The interface temperature 7, is then
obtained under the constraint that the total transfer
through the aqueous layer equal the sum of the
radiation and latent heat transfer at the interface
plus the sensible heat transfer through the air surface
layer. The result is a tool for quantitative prediction
of the sensible, latent and total heat and mass
transfers in the surface layers at a rough air—water
interface.

2, PREVIOUS WORK

2.1. The aqueous surface layer

Saunders [4] gave a simple theory which related
the surface-water/bulk-water temperature difference
at the ocean-air interface to the heat transfer and the
stress on the interface. His theory is based on the
concept that the majority of the temperature vari-
ation in the aqueous surface layer occurs within a
region where the flux of heat is transmitted prin-
cipally by molecular conduction.

Hasse [5] determined the temperature difference
across the aqueous surface layer as a function of
total heat flux through the layer by use of the
fundamental equation for heat transfer in the water
and wind tunnel determinations of the effective
thermal diffusivity in a turbulent boundary layer.
The evaluation of his diffusivity equation did not
require knowledge of the thermal or viscous sublayer
thicknesses but, rather, Hasse employed an empirical
diffusivity relationship derived for solid boundaries

and assumed to be correct through the entire water
surface layer.

Yaglom and Kader [6] and Owen and Thomson
[7] discussed flow over and heat transfer from rough
surfaces. They envisioned a region of molecularly
dominated flow around and between the roughness
elements with turbulent flow outside this region.
Working from the concepts of Yaglom and Kader
[6] to obtain expressions for the eddy diffusivities for
heat and momentum and from Hasse's [5] surface
layer heat flux equation, Street and Miller [3]
determined the aqueous sublayer thicknesses at
rough air—water interface.

Kondo {8] proposed a hypothesis of hydro-
dynamic similarity for both the air and aqueous
boundary layers adjoining an air-water interface,
Both layers were combined through an identical
geometric roughness height which is presumed to be
composed of the high-frequency components of the
waves on the interface. The hypothesis was then
applied to the aqueous surface layer. The hydro-
dynamic roughness length and the thermometric
and mass transport coefficients were obtained in
terms of the roughness Reynolds number based on
the geometric roughness height. Transport was
predicted from known values of the surface stress
and either the temperatures or concentrations at the
interface and at some depth in the aqueous surface
layer. Significantly, Kondo’s [8] excellent results are
based on a hypothesis involving purely turbulent
fluids without any consideration of a direct contri-
bution due to the orbital motions of the water
waves.*

Indeed, using the high-frequency components of
the surface wave spectrum as a measure of rough-
ness, he treated the interface as though it were a
solid boundary for both the air and the aqueous
surface layer flows.

2.2. The air surface layer

Brutsaert [9] outlined a theory for evaporation
into or heat transfer through the air surface layer.
His formulation recognized the need to account for
molecular domination of the transfer near solid
boundaries or interfaces and adopted a surface
renewal model (see Davies [10] for a complete
discussion of surface renewal models) near the
interface. In his comparison with experimental data,
Brutsaert used, among others, the data set of
Mangarella et al. [11]. These data exhibit behavior
consistent with Brutsaert’s rough wall theory and are
noted here because key results from the Mangarella
et al. [11] (see also Mangarella er al. [12]) data set
are employed in this paper.

Kondo [13] estimated the bulk transfer coef-
ficients associated with the sea surface by use of data

*Preliminary data taken in the Stanford laboratory
facility and using a laser-Doppler anemometer and high-
speed thermistor confirm that the wave orbital motions
make no direct contribution to the aqueous surface layer
heat flux.
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for the roughness Reynolds number of the interface
and the Owen and Thomson [7] theory for transfer
from a rough surface to the air flow above it
Prediction of the transfers of heat and water vapor
are made from knowledge of the surface temperature
and specific humidity, the air temperature and
specific humidity at a point in the air surface layer,
the surface shear stress and the wave characteristics
(expressed in terms of a representative surface
roughness height).

2.3. Coupled surface layers

Kotake [1] studied gas and liquid laminar flows
having a phase-changing (evaporation or conden-
sation) interface at their common boundary assum-
ing constant fluid properties and a flat surface with
zero pressure gradient. He noted that a preliminary
and fundamental approach to such a problem is a
study under the condition that the quantities at the
interface are given explicitly. With regard to energy
transfer, all studies cited above followed this ap-
proach. Kotake points out, however, that for two-
layer flows of a gas and a liquid which have an
appreciable velocity at the interface to force the
liquid into motion, or which have a large gradient of
temperature in the liquid layer, the boundary
conditions at the interface should be provided
implicitly through the continuity relationships for
mass, momentum and energy fluxes across the
interface between layers. This concept provides the
basis of the present analysis.

Kotake [2] followed up on his first paper and
studied gas and liquid laminar flows having a wavy
phase-changing interface. He studied analytically the
features of the wave-induced disturbances. The
present paper does not follow this approach, taking
rather a simpler view of the mean flow conditions for
a turbulent flow.

3. THEORETICAL FOUNDATIONS

This analysis parallels and extends that in [3];
accordingly all the arguments given there are not
repeated here. This section begins with a brief review
of [3]; then the present theory is formulated in two
parts, the first heing a flux formulation with account
for the flow characteristics and the second a
formulation of the equality-of-flux constraint.

3.1. Review

Using the air-surface layer data of Mangarella et
al. [11] and Chambers et al. [14], Miller et al. [15]
created a smoothed set of sensible and latent heat
transfer coefficients for the full range of water—air
temperature differences and air speeds at two
measurement stations used in the Stanford Wind,
Water Wave Research Facility. They then measured
the near-surface water temperature, the bulk water
temperature, the interface characteristics, and mean
air-flow data, the last being necessary to use the
smoothed transfer coefficient data.

Street and Miller [3] derived theoretical relations

between the dimensionless heat-transfer coefficient
for the aqueous surface layer and the thermal
sublayer thickness in the case of flow past a fully
rough boundary. This thickness is proportional to
the square root of the mean interface roughness
height /1 and to the inverse of the one-third power of
the molecular Prandtl number Pr, and is dependent
on the shape of the roughness elements. Using a
limited sample of the experimental data in [15], viz.
cases with water—air temperature differences of about
21/2, 5 and 71/2°C and air speeds of 71/2 and
10ms™ ! at fetches (distance from the facility air flow
inlet) of 9.5 and 14.5m, Street and Miller [3], first,
found the dimensionless aqueous surface layer heat-
transfer coefficient by use of the smoothed Mangar-
ella et al. data and measured the mean flow
conditions and, then, inferred the proportionality
constant in the sublayer thickness relationship for
fully rough flows.

Although the above result was derived solely from
heat transfer data, it is convenient to express the
result in terms of the viscous sublayer thickness, the
relationship between viscous and thermal sublayer
thicknesses having been shown in [3] to be a
consequence of the definition of rough flow character
(cf. [6]) and independent of the turbulent character-
istics of the flow away from the boundary. The key
results of [3] are that the dimensionless viscous and
thermal sublayer thicknesses in the water, ' and
3 respectively (see detailed definitions below), are
related by:

3 )8k = pPrmt3 (1)

and are related to the dimensionless mean roughness
height i} by:

35 = Pritsr =037(h))"2 (2)

While the constant 0.37 was inferred from experi-
mental data, the form of equation (2) arises solely from
the dimensional and physical argument (see [6]) that
the Reynolds number Re,_ at the edge of the viscous
sublayer, viz,,

Re, =9, U5, }vus (3)

be of order one, indicating the dominance of
molecular action.

The essence of the present development is that the
relationships in equations (1) and (2) should be
universal for all rough wall flows, apart from
possible effects on the proportionality constant 0.37
caused by roughness shape (cf. [6] or [7]). Indeed,
by comparing the results of [3] and [6] one can
deduce that, at least for Pr > 1, the proportionality
constant 0.46 (corresponds to the selected b} = 0.55
in [6]) fits a significant portion of the solid, rough
wall data, which was obtained over markedly
different roughness shapes (essentially more angular)
than those presented by water waves. Because the
roughness shapes are identical for the air and water
surface layers on opposite sides of an interface it is
logical to use the relationship (2) for analysis of
rough-wall flows in both layers.
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F1G. 1. Schematic of the surface layers at an air-water interface.

3.2. Development of flux equations

Figure 1 is a schematic of the surface layers at a
rough air-water interface. Consider fully-developed
horizontal streams of an incompressible gas (air)
moving over a liquid (water), ie. variations in
properties with respect to streamwise distance or
fetch (x) are negligible. Let the flow be steady in the
mean ; then,

dT,
QT = _pwcpwkw dz 5 (4)

dT,
QS = _pacana d—Z’ (5)

dq,
QV - _paKq dz ) (6)
in the surface layers, while at the interface:
QR = Ewa(Ts:“s —EaTgAns) (7)
Q.= LQy. (8)

In these equations, Q, is the total flux (positive
upward) and the heat flux in the water surface layer,
Q, is the sensible heat flux in the air, Qy is the water
vapor flux in the air, Qj is the net radiation flux from
the interface, and @, is the latent heat transfer at the
interface. In the surface layers Qr, Qg and Q, are
assumed to be constant ; Q is assumed to come from
an infinitesimal layer at the interface. The particular
form of equation (4) is selected for ease in in-
terpretation of our laboratory data; other forms
would be appropriate for other applications. For the

purposes of this analysis, only long-wave radiation
from the surroundings and the water surface is
accounted for. Thus, equation (7) represents the net
long-wave back radiation from the interface
(E, 0T} ) less the incoming long-wave radiation
(solar or short-wave radiation is not present in the
laboratory) from the surroundings, e.g. the air
(E,0T},), plus that fraction of the surrounding
radiation which is reflected (not absorbed) from the
interface [E, o T,} (1 - E,)].

The remaining variables in equations (4)—(8) are
the density of water and air (p,, and p,), the heat
capacity of water and air (¢, and c, ), the latent
heat of vaporization L for water, the emissivity of
water and air (E,, and E,), the Stefan-Boltzmann
constant o, the specific humidity of the air g, the air
and water temperatures (7, and T,) and the effective
diffusivities K,(z), K,.(z) and K (z). The coordinate =
is measured positive upward from the mean interface
level.

If temperature and humidity effects on both the
fluid densities or heat capacities are ignored, equa-
tions (4), (5) and (8) can be rewritten:

~Qr\ dz
| =T 9
JT, (pwcp“) — 9)
—Qs\ dz
T =} — 10
%, (pac,,)K,,(z) (10
(=@ dz
o= () ()
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The essence of the method used herein is to apply
the concepts of rough-wall boundary-layer theory
[3] to define the diffusivities for heat (K,, and K,)
and water vapor (K,) and then to integrate equa-
tions (9)—(11). The region of molecularly dominated
flow lies around and between the roughness pro-
tuberances (Yaglom and Kader [6]) which in this
case are the surface water waves. As noted above,
dimensional arguments allow definition of
molecularly-dominated sublayers within the surface
layers with thicknesses of the order of the square
root of the roughness Reynolds number based on the
mean wave height (in a more general context, this
height should be the mean height of the high
frequency components [8, 13]).

To define K, K,, and K, the viscous, thermal and
water vapor (humidity) sublayers must be described.
In Fig. 1 are shown:

(1) Viscous sublayers of thicknesses J,, and 4, in
which the molecular viscosity v, or v,, dominates the
eddy viscosity ey ; €4 (5,) = v.

(2) Thermal sublayers of thicknesses 6, and 9, in
which the thermal molecular diffusivity x, or x,
dominates the eddy diffusivity for heat ¢ ; £4(J,) = k.

(3) A humidity or water vapor sublayer in the air
of thickness &, in which the molecular mass
diffusivity for water vapor D dominates the eddy
diffusivity for water vapor ¢ ; &£(d,) = D.

(4) A set of matched layers at z = —dr, d7, dg,,
where the eddy diffusivities become equal to a value
appropriate to a logarithmic variation of tempera-
ture or humidity in a turbulent boundary layer.

From these definitions and [3], the necessary
expressions are obtained. First, the following
Reynolds number forms are defined; for an
air quantity, say the measurement level z, z7
=u,Z./v,, and for a water quantity, say the
measurement level z,, z;" =u, z,/v,. Similarly, ;'
=u, 0, /v, etc. Here u, = (t5/p,)"* and u,_
= (1o/p,.)}"? are the friction velocities in the air and
water surface layers for an assumed constant shear
stress 7, (see Section 4 for a discussion of appro-
priate u, values). Second, the key result from [3], viz.,
equation (2) is employed; there, h* = u, h/v where,
for the present laboratory data, h is the mean
roughness height at the interface (see Section 4). This
result is applied now to both the air and water layers
(with appropriate subscripts). Next the effective
diffusivity expressions are written. For these, the
eddy diffusivities within the sublayers and matched
layers are assumed to vary with the cube of distance
from the interface (cf. [3] or [6]).

This assumed variation of the eddy diffusivities
with the cube of the distance from the interface needs
some examination (see, e.g. [16]). It is typical to
define eddy viscosities or diffusivities in the form

e~ (w2

where (w'?2)!? is the root-mean-square vertical
velocity fluctuation and [/ is the mixing length or
eddy size (i.e. a measure of the scale of the turbulent

eddies). The actual variation of ¢ with distance from
a boundary or interface depends then on how

(w2)2 and [ vary with distance.

Levich [17] and Davies [10] distinguish between
flow past solid boundaries and flow of a liquid at a
so-called “clean” gas-liquid interface, a clean in-
terface being defined specifically by Davies [ 10, pp.
175 and 250] as an interface at which there is no
surface film and no tangential stress. Near a solid
boundary where there is a shear stress and the no-
slip condition applies, the horizontal component of
the velocity of eddies, i.e. (u'?)"/2, varies linearly with
distance from the boundary. Application of the
continuity equation shows that the normal (or

vertical) component of this velocity, i.e. (w'?)"/2, must
then vary as the square of the distance. If the scale of
eddy motion is taken (as usual) to vary linearly with
distance from the boundary, the eddy diffusivities
must vary as the cube of the distance. This relation is
used by Yaglom and Kader [6] for flow past rough
solid boundaries.

However, in the analyses by Levich [17] and
Davies [10] of a “clean” surface, the tangential stress

)1/2

is zero. As a consequence (1’2 }!/? does not vary with

distance from the interface; (w2)"'? therefore varies
linearly, and the eddy diffusivities vary only as the
square of distance from the boundary.

For solid boundaries Yaglom and Kader [6] cite
ample evidence for employing the cubic estimate.
The cubic variation also appears reasonable for the
air flow because the ratio of air to water densities
(~ 1/800) suggests that the water boundary appears
relatively solid to the air flow. The theory of
Brutsaert [9] which was applied to Stanford facility
data (see Section 2.2) also confirms the appropriate-
ness of treating the water interface as a solid rough
surface.

The large ratio of water-to-air densities suggests
that the air cannot restrict water motions in the same
manner as the water restricts air motions, although
eddy-induced vertical motions are strongly damped
by surface tension and gravitational action. On the
other hand, in the present cases (with a high air
speed) the air stream imposes a sizeable shear stress
on the water, leading to wave (roughness) growth
with fetch (x) and-generation of a turbulent surface
layer current [18]. Thus, the air-water interface is
not a “clean” interface in the sense described above,
but is a stressed interface. At a stressed interface the
horizontal velocity fluctuations in an eddy approach-
ing the interface will be damped by the effect of the
stress much as in the cases of solid boundaries or
film-covered interfaces. Accordingly, the variation of
eddy (ie. root-mean-square) velocities and scales
near the stressed interface must be more similar to
those described above for a solid surface than to
those near a mobile, but unstressed interface. The
results of Kondo [8] and Wu [19] also support the
contention that the water surface layer flow acts
similar to flow past a solid boundary.
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Street and Miller [3] used the cubic variation of
the eddy diffusivities appropriate to solid boundaries
and their results demonstrate precisely the behavior
predicted for flow past a rough boundary, ie. the
sublayer thicknesses are proportional to (k})'? and
Re,,‘ = O(1) for h} > 100 [cf, equations (2) and

(3)]. Actually, for their results and from equations (2)
and (3):

Re; ~ (8} )%/hy = (0.37)* = 0.14,

because (cf. [6]) U(6, )~ u, 0, /h,. From Section
3.1 one can infer that Re, ~ 0.21 for flow past a
solid rough boundary.

On the other hand it is a simple matter to rederive
the results of Street and Miller [3] for the case of an
unstressed interface, i.e. with & ~ z2. Among other
results this yields:

118k =Pro'2
[cf. equation (1)] and a new expression relating the
dimensionless heat-transfer coefficient and 4,; . Using
the Street and Miller data for h > 100 yields

3 Pri2 =581 =(0.14+0.02)(h))"?
and Re; ~ (0.14)2 = 0.02 # O(1). Thus, while this
new approach obtains the proportionality to (h;)'"2
at about the same accuracy as the cubic estimate, the
requirement that Re, ~ O(1) is not satisfied.

In view of the above discussion and results, the
cubic variation of eddy diffusivity is used as in Street
and Miller [3] and the result is

(1) In the water surface layer:

ot — “[l“(4+/6+
K. = { ¢ [1=kPr,z*/Pr, ], z* <

P,z > —d7,
.
-7,

where z* < 0, k' is the von Karman constant taken
to be 0.40, Pr, = v /k, is the molecular Prandtl
number for water, and Pr, = &y /ey, is the turbu-
lent Prandtl number. In the present analysis the ratio
of eddy viscosity e, to eddy diffusivity &y is
allowed to be different from unity in the fully
turbulent portion of a profile (where z* < — 47 _ for
example). Thus, at the matched layer the cubic

(12)

estimate for ey {~(z7)* when z*> -85} is
matched to the turbulent estimate:
eM,, , e
&y, = Pr,. =Ku, z/Pr., z< Or,.-
Thus:
Pr, o (8,7 +67.)

ROBERT L. STREET

The appropriate sublayer thicknesses are [3]:
5,* = Pr,, ”36:\, (13)
8F, = (K'/Pr, )'3(3) )" (14)

(2) In the air surface layer (following the same
pattern as in the water):

S e A S
¢ k1 +k'Prz*/Pr ], 2t 267,

K (o) < [PLIHE 1), 2 <05,
4 D[1+K'Sc,z*/Sc, ], z* = 83,

(15)

(16)

Here, Pr, and Pr, are the molecular and turbulent
Prandtl numbers for air, while Sc¢, = v,/D and Sc,,
= gy, /eg, are the molecular and turbulent Schmidt
numbers for water vapor. According to the pattern
for the water surface layer, the appropriate sublayer
thicknesses in the air surface layer are [cf. equations
(13) and (14)]:

85 = Pryt3s) (17)

= (k/Pr, )23} )*? (18)
84, = Sc; ', (19)
= (k’/Sc,u)”z((Sl.*“)’”. (20)

Equations (12), (15) and (16) are next introduced
into equations (9)—(11) which are integrated from the
mean water level (z* =0) to the appropriate data
measurement level (i.e. the points in the surface
layers at which the air temperature and humidity
and the bulk water temperature are measured so that
the fluxes and surface temperature 7, can be
predicted). The results are:

, 0 +
n-1= (2 S
PuCpctinn/ )z Kolz™)

N, .t

’I;_Tac =< QS )J‘ dh +
PaC Pa *u 0 Ka(Z )

v, o dz*
45— 4, =( Q& ) o
pLuy. ) lo Kq(z )

“*\\.(Tb - Ts)Stw’

or.
1. Qr = pyc, (21)

where St = Qr/p,c, u, (T,—T) is the Stanton
number for heat flux in the aqueous surface layer
(Kondo [8,13] defines the inverse of the Stanton
number to be a generalized transfer resistance).

1=v 0 4zt _ Pr.o,
St, " Ku(2h) 3

{2

6+

264 Pr
1/2] an—1 Tw L -1 1/2 tw w
+(3) [tdn _—(3)1/26+ +tan~'(3)” }} +——k, In {————1 TKPr.oL /Pr,.

2. Qg =pCp (T, T, )St,,

where St, = Qs/p,c, U, (T,—T,) and

Pr,d,! (6 +04)?

o = dzt Lin
st Vel Kz 3 (0770, 67 +072

(3)1/25+

N ()TW+6}“2)}

1—KkPr,z/Pr, } (22)

(23)

7

.
+ (3)”2|:tan' 1 207, =0 +tan”

14k Pr,z%/Pr, }
—_— e 24
{1 +k'Pr,67 /Pr,, 24)

~-1/2 Prru
1(3) }} P In
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3. Q= p,Lu,,(g;,~q.)St.,

where St, = Q,/p,Lu,_(9,—q.)and

I Sdzt el lm[~ (a;jf;éq)zﬂ
St, ‘)0 Kz7) 307 L0652 —6,.05.+05,
205, -6,

1/2 -1%%0a a

+(3) [tan (3)1‘f26‘;

]

’ -t
~tan™'(3)" ”21} + eIy {q____x RS, e, } 26)

1+k'Sc,d5./5¢,,

The mass transfer Stanton number St,, = Qy/p,u, (9,— 19, ) = St,.

3.3. The constraint Q = Qg+ Q + Qg

If the shear stress 1, in the surface layers and the
geometry of the interface plus data from the
measurement levels in air and water are given, then
u,. U, and the various sublayer and matching level
thicknesses are known because h), h}, Pr,, etc. are
known. Indeed the only unknown is the interface or
surface temperature T,. For a steady-state system the

fluxes must be in balance, viz.;
Or = Qg +0s+0s. 27
This is an equation then for determination of T, The
definition and results in equations (21)-(26) are
introduced into equation (27) and the result is solved
by simple iteration for T, The values of g, and L are
dependent on T, In the iteration the following
equations are used at the air—water interface [ 15]:
q,(kg vapor/kg mixture) = H /(H + 1), (28a)
where the humidity (for 7 in “C):
H (kg vapor/kg dry air)
= 7.077735 % 1073 —1.95947 x 10~ *T,
42889 x 107°T;? (28b)
and

L(J/kg) = 2.487 x 105 —2.26013 x 10T  (29)

In sum equation (27) can be used to find Qy,
QRa QSa QL and T; given Tco’ Qoo Tb: u*a9 Ugrr Zoor Zp
and h. Values of Pr,, Pr,, Sc,, v,, v,,, etc. are obtained
at temperatures corresponding to the surface layer
values at -, and z,, ; only g, and L are functions of T,

4. RELEVANT EXPERIMENTAL RESULTS
The data of Miller er al. [15] are used to test the
theory developed in Sections 3.2 and 3.3. The
measurements were made in the Stanford Wind,
Water-Wave Research Facility (Fig. 2). The subset
of the data used includes 26 cases of wind-generated
surface roughness (water waves) with water—air

temperature differences (T,—T,) between 0° and
15 C, fetches (x) of 9.5 and 14.5m, and water
roughness Reynolds numbers (h}) greater than 100
(actually free stream wind speeds of about 7 1/2 and
10ms™'). The experimental data and a few com-
puted values from the theory are given in Table 1.

The facility is about 35m long; the test section is
approximately 20m long, 0.9m wide and 1.93m
high. The channel is filled with water to a depth of
about I m, leaving a 1 m deep air flow section. Air
flow is produced by a fan at the downstream end of
the channel. The honeycomb situated at the end of
the test section suppresses secondary flows caused by
the fan. The air inlet is a curved section with a series
of turning vanes, surmounted by a set of filters. An
additional honeycomb and several small mesh
screens straighten and condition the air flow after
passage through the inlet.

In the water a beach composed of a slanting solid
surface and baskets of lathe shavings minimizes wave
reflections into the test section. The water is heated
from below by six electric heating cables, which are
located 100 mm above the channel floor and supply
up to 90kW through a temperature controller giving
relatively constant air—water temperature differences
(£0.2 C) over an experimental run.

An estimate (T, )¢ of the water surface temperature
was obtained at an effective depth z = —140pum
through use of an infrared radiometer employing an
indium antimonide detector. Bulk water temperature
was measured at a depth z, = —0.10m with a bead-
in-glass thermistor. Extracting the bulk-temperature
and surface-temperature difference estimate AT, = T,
—(T,)gsy involved special calibration and com-
putational techniques and consideration of the wave-
length dependent, water and air, optical properties
within the detector bandwidth (1.5-5.5um) ; details are

Station | Station 2
: €
€ 0
o )
o his
X
Air filters {
Fan
Vanef\ Honeycomb —e
\ ATr
wave_ |.¥. inlet Begch
pquei"' lm.

Heaters
F1G. 2. Schematic of the Stanford Wind, Water—Wave Research Facility.
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Turbulent heat and mass transfers across a rough, air—water interface

given in Miller et al. [15]. Calibrations showed the
temperature difference AT, to be accurate within
+0.01°C [yielding a possible error {(at the 90°%
confidence level) which does not exceed 13% for the
smallest AT, or 0.2%, for the largest AT, for the data cases
in Table 1].

Other parameters, such as the mean free-stream
windspeed, temperature, and humidity and the water
surface elevation, were obtained as well. They formed
the basis for calculating the transfers Qr, Qs, O, and
Qr and surface roughness Reynolds numbers 4, and
h} through the use of data collected by previous
investigators in the Stanford Facility (see Section 3,
Mangarella et al. [12] and Bole and Hsu [20]). The
latent and sensible heat transfers were computed
from previous data; radiative heat transfer was
estimated from the surface temperature measure-
ment. The possible errors in Qr, Qg, Q;, Qr and h™*
are estimated not to exceed 14, 5, 5, 1 and 10%,
respectively.

The following are key points to the present use of
the data:

(1) The values of the friction velocities—the shear
stress T, has been measured in the facility by profile,
integral and direct methods by several investigators.
For the Miller et al. [15] study the shear stress (or
friction velocity) was obtained as a function of air
speed according to an equation which represents the
best estimate for shear stress in the facility. Street
and Miller [3] followed the concept of stress
continuity, i.e. 79, = 7o, SO:

u*\v = (pa/pw)l/zu*a~ (30}

This concept was used as well by Hasse [5],
Saunders [4] and Kondo [8]. As Kondo points out,
equation (30) implies that any stress supported by
the waves is neglected. The amount of this wave
stress is still under debate and pending further
evidence equation (30) is used again.

(2) The value of h—Miller et al. [15] determined
the root-mean-square (rms) of the water surface

displacement (1?)"/2. Colonell [21] ran tests in the
Stanford Facility and, using ocean data as well,
showed that wave heights in the Laboratory and the
ocean (in the absence of swell) follow a Rayleigh
probability distribution to a good approximation (cf.
Kinsman [22] for support of this point). From
Colonell [21], then, the relationship between the
mean wave height 4 and the mms is

h = (2m)3 (%) = 2.5(%)'2. (1)

The mean wave-height h corresponds in the present
cases to the mean height of roughness elements used
by Yaglom and Kader [6] for solid walls.

Kondo et al. [23] examined the relation of high-
frequency components of ocean waves to the
aerodynamic roughness. They presented an exam-
ination of ocean-wave data which had been band-
pass filtered in an approximate frequency range of
2-30Hz. The lower end of their filter was not sharp
and they used additional moving averages of the
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surface fluctuation variance to obtain a local rms
scale height and “to suppress the influence of the
residual low frequencies [23]”. From the frequency
distribution of this local scale height, they found the
rms height h, corresponding to the peak of the
distribution and that the mean of the local scale
height hx 2.0h, In subsequent papers Kondo
[8,13] has employed h, as the representative scale
for sea-surface irregularities ; however, in [8] he used
the frequency range of 3-30Hz to establish h,. In
[23] it is noted that ocean results interpreted in
terms of h, are consistent with laboratory data where
the representative height is the mean height of waves
with frequencies of 2-10 Hz.

It is clear that the appropriate lower frequency
cutoff is not sharply defined. Kondo et al. [23] cite
evidence that the ocean surface drag coefficient does
not depend on wave components with frequencies
<0.5Hz, while their data analysis in [23] leaves
some doubt about the effective lower cutoff frequency
for wave components. Accordingly, because of the
sharp low frequency die-off from the wave energy
peak in the laboratory wave spectra and because the
peak energy frequency for the data used herein was
always > 2 Hz, no filtering of the wave data of Miller
et al. [15] was undertaken. As a consequence, while
the definitions and analysis by Kondo et al. [23]
yield & ~ 2(7%)"? and consequently h, ~ (7%)'72, the
natural relation between h and the rms displacement
expressed by equation (31) is used here because the
full spectrum is represented.

For data with a broader spectrum or a lower peak
energy frequency (i.e. spectra with significant energy
at frequencies less than 0.5-2 Hz), Kondo’s approach
would be appropriate. That is, for an application of
the present theory, compute an A for the frequency
range between 2 or 3Hz and 30Hz and use % in
place of 4 in the present equations.

Miller et al. [15] tabulated a roughness Reynolds
number 7. =u, (1*)"*/v_. Using equation (31)
leads to:

hy =254,

which is given in Table 1.

(3) The nature of the surface layers—for U,
>50ms™! both the air and aqueous surface
boundary layers are turbulent in the Stanford
Facility [12, 18]. In addition the aqueous boundary-
layer thickness exceeds |z,/ =0.10m; hence, the
water measuring level was well within the boundary
layer where logarithmic profiles were expected. For
the air boundary layer, measurements of U, q., T,
were made at the edge of the boundary layer. Of
course, the logarithmic region of the profile does not
extend to the edge of the boundary layer; the slope
of the profiles is small there and the calculations are
not sensitive to the precise value of z__ in the air. The
appropriate measurement levels for each station were
determined from the Stanford data of Chambers et
al. [14].

In the Stanford Facility the water is heated from
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below by immersion heaters as noted above. The
resulting unstable conditions act to destroy any
mean temperature variations in the vertical except
where the molecular-dominated and intermediate
layers (|z} < 6, _) develop properly under the forced
convection of the shear- and wave-induced drift
current beneath the interface. A series of rough
measurements of the vertical temperature profile
made in the channel under the conditions shown in
Table | (except T,—T, = 10 C) confirms that there
is no significant gradient in the bulk water zone (||
> dr. ) when the heaters are on {Arya [24] shows a
similar trend for his unstable wall flows (cf, his Fig.
I for R; < 0 cases)!. On the other hand, there is a
measurable gradient at low windspeeds when the
heaters are off; the heaters were on for all experi-
ments reported in this paper.

Now, the present theory assumes the existence of
several flow regions in the water including (for ||
> ;) an inertial subrange of velocity and the
accompanying logarithmic temperature region {(cf,
Tennekes and Lumley [257). In the Stanford Facility
it is clear that a logarithmic zone of temperature
variation (for |z| > J; ) does not exist in the water.
Thus, in the test of the theory against Miller er al.’s
[15] data the zone ;< |z] < |z,| 1s deleted from the
theoretical calculations to accommodate the experi-
mental conditions; the result is that T, is measured
effectively at |z| = J, ., not at |z| = |z,|. This leads to a
consistent result and, because J,, and ¢, are less than
. this deletion of the zone |z| > &, has no effect on
the analysis and use of J,_and 9, .

The results of Mangarella er al. [11,12] clearly
establish that the air surface layer is neutrally
stratified and that the boundary-layer structure does
feature well-established logarithmic zones for T, g,
etc. Accordingly, no modification of the theory is
necessary in the air.

(4) The physical constants—a large number of
physical constants are used in obtaining the experi-
mental heat and mass transfers and the theoretical
results. The molecular Prandtl and Schmidt numbers
are given in Table 1. The variance of these quantities
in the air for the temperature range of the data was
negligible. The molecular Prandtl number for water
was determined as a function of the water
temperature.

The densities of air and water were determined as
functions of 7, and T,, respectively. However, ¢,
and ¢, were taken as constants. The emissivity of
water E,, = 097 and the emissivity of air E, = 0.80
accordingly to Miller et al. [15]. (Actually, it is
probable that the effective E, > | if radiation from
the tunnel roof and walls is considered; however,
even setting Qp =0 changes the constant in the
fundamental relation, equation (2), by less than 4%,
In addition, the equation for Q is used, first, to
generate experimental values from measured tem-
peratures and, second, to compute Q values for the
theory. The net effect, when theoretical and experi-
mental comparisons are made, is an exact cancelling of

that portion of the Q, terms involving E,. Accord-
ingly, no correction of the Q, data of Miller ¢t al.
[15] seemed worthwhile.)

The key decisions regarding parameters lie in
selecting the values of Pr, , Pr, and Sc,. Because of
the heating from below in the water, the application
of the theory was modified for data comparisons as
noted above; accordingly, Pr, does not actually
enter the calculation. On the other hand, there is no
data in general to suggest that Pr, is not unity
(Tennekes and Lumley [25, p. 51]); thus,

Pr, =10,
is recommended. For the air flow in the Stanford
Facility there is an independent set of data reported
by Mclntosh et al. [26]. They defined dimensionless
gradients ®, and @, which for the neutrally stable
cases examined here are the ratios of the eddy
viscosity to the eddy diffusivities ¢, and ¢, for heat
and water vapor. (Normally, in stratified flows @,
and @, are functions of the ratio of height - to the
Monin—-Obukhov length L,; for neutrally stable
flows L, — x.) Thus,
Pr,, =4 = ©,(0)
&y
and
Se, = M — @,(0).
e

Mclntosh et al. [26] found that Sc,, = ®.(0)
= 1.1940.08 for pure wind-generated waves and
windspeeds U, from 3.5 to 11.0ms™". Using Sc,,
= 1.19 in lieu of 1.0 has a significant effect on the
water vapor transfer and on the latent heat transfer.
Mclntosh et al. [26] note that the result Sc,, = @,
= 1.19, when applied to field data obtained in the
Barbados Oceanographic and Meteorological Ex-
periment (BOMEX) by Paulson er al. [27], produces
better agreement between direct flux and profile
estimates of evaporation (Paulson et al. [27], use @,
= 1)

Mclintosh et al. [26] found that Pr, = ®,(0)
varied from about 0.8 to 1.4 (more or less monoti-
cally) with windspeeds U, increasing from 3.5 to
11.0ms™ ' Interestingly, while using, say, Pr, =12
in the present analysis does improve the comparison
between theory and experiment, the improvement is
slight. Thus, Pr,, = 1.0 has been used to obtain the
results reported herein.

5. VERIFICATION OF THE THEORY

The 26 cases listed in Table 1 were used to test the
theory embodied in equations (13), (14), (17)-(20),
(21)-(26) and (27). This data set represents a
comprehensive sample of the results of Miller et al.
[15] for pure wind-generated waves, two [etches,
water—air temperature differences from 0 to 15 C,
and roughness Reynolds numbers 1™ = 100.

The experimental data are shown in Table 1.
Because Qy is computed according to equation (7)
for both theory and experiment, no comparison is
given of Qg values. Actually, QrexperiMEnTAL 1S
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Fi16. 3. Comparison of flux prediction with laboratory
experimental results (solid symbols represent data cases
used in [3]): {a) Total heat flux 0, {Wm™?} in the aqueous
surface layer (Qr = Qs+Qx+0,); (b) Sensible heat flux
s{Wm™?} in the air surface layer; (c) Latent heat flux O,
= LQy{Wm™?} from the interface,
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computed using the radiometer measured T, (—140
pum) while O ruporeticar 1S computed using
T.40) = T.. The difference is, of course, negligible,
Figure 3 is a comparison of the predicted fluxes with
those from the laboratory measurements. The results
are excellent for all three flux values (Q, Qg and Q,)
and clearly validate the theory. Eleven sets of the
smoothed data of Mangarella, etc. (see Section 3.1)
were used in [3] to establish the coefficient 0.37 in
equation (2), i.e. to determine the aqueous layer heat
flux which leads to an estimate of 8,7. Those same
cases are included among the 26 cases in the larger
data set being used here to test the predictions of the
coupled air-water theory. The eleven cases are
particularly important because their aqueous layer
flux is accurately predicted by the uncoupled theory
of Street and Miller [3]; any significant deviation in
the results for the coupled theory in these cases
would represent a failure of the theory to adequately
handle the air flow. The 11 cases are identified by the
solid symbols in Fig. 3.

Overall, for example, the theoretical estimates of
Qy agree within + 12%] with the experimental values
which have an estimated error bound of + 14%/. This
validation suggests the following. First, rough wall
theory is applicable under the assumptions of steady
state, negligible fetchwise gradients and-constant flux
surface layers and for ¥ > 100. Second, the relation,
equation {2), established by Street and Miller [3] for
the aqueous surface layer is applicable in the air
surface layer as well. Third, Se¢, = 1.19 is an
appropriate value (established independently) for the
air surface boundary layer.

As a second check the theory was applied to the
individual temperature and humidity profile data in
the air surface layer as cited in Mangarella et al.
[11]. There, the value of T, was measured so the Qy
and Q; terms can be computed directly (without
iteration) from the theoretical results. The values of
=, were taken to be heights within the logarithmic
variation regions for various cases as determined
from the Mangarella et al. [11] profile data for T
and ¢. Data for fetches of 7.7, 10.7, 12.2 and 13.8m
were used. Because the results in [11] are given in
terms of Stanton numbers for heat and humidity, the
predicted transfers were reduced to this form as well.
Predicted total transfers were within 179 in all cases
with an average error of 10% for heat transfer and
7% for water vapor (latent heat) transfer. The
estimated uncertainty in the experimental data
ranged from 4 to 12°,,

6. AN EXAMPLE IN APPLICATION
OF THE THEORY
The following example illustrates the variation of
key parameters with changes in mean surface
roughness (wave height} and water—air temperature
difference T,— T, . The selected physical values were
u,, = 0585 {equivalent to U, ~ 10ms™!), T =
20°C, q, = 00080, Pr,=071, Sc,=060, E, =
097, E, =080, Sc¢, =1.19, Pr,, =10, Pr, =10,

1200
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z, =030m and, =, = —0.10m. Other values needed
were calculated from these. The independent vari-
ables were h (0.005-0.040m) and T, (20.0 -30.0 C).
The values of roughness Reynolds numbers were 100
< ht <1020 and 195 < h] < 1560. The nondimen-
sional temperature difference (7, T, /T, = AT/T,
ranged from O to 0.5.

Figure 4(a) shows the variation of the so-called
Bowen ratio fiy = Qg/Q,. It ranges from a small
negative value {for the isothermal case where T
< T, = T,) to the traditional values of 0.2-0.25. The
effect of wave height variation is small.

Figure 4(b) shows the effects of h] and AT/T,
variations on the total transport. Notice that, while
increasing T,— T, increases @, increasing h) de-
creases Q.

Figure 4(c) illustrates the variation of the bulk
water-interface temperature difference (to which Q@
is proportional) as AT/T, and h) are changed.
Maximum values of T,— T, occur for the highest
water temperature and the largest waves. This
pattern is different than that for 9, and is caused by
the behavior of the inverse transfer coefficients.

The inverse transfer coefficients or generalized
resistances to transfer (inverse Stanton numbers)
were defined in equations (22), (24) and (26). They
are dependent on the physical characteristics of the
flows, e.g. wave height, measurement levels, tempera-
tures (as they influence Pr,, p,, p,. €tc.) and shear
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FiG. 4. Variation of parameters for illustrative case with fixed wind shear, temperature and humidity and
fixed measurement points z, and :,. (a} Bowen ratio; (b) Total heat transport; (c) Water-air
temperature differences.
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F1G. 5. Inverse Stanton numbers St !, St7 ' and St ! vs surface roughness for conditions of Fig. 4.

stress. Figure 5 shows how the inverse Stanton
numbers St %, St;!' and St ' vary with roughness
Reynolds number. There is a small variation with T,
—T, for St,,; the others are not influenced by water
temperature.

The reason for the unexpected decrease in @, with
it increases is now clear. The resistance to heat
transfer in the water increases by over a factor of two
as A wvaries from 200 to 1500. Although this
behavior is surprising, a hypothesis for it can be
offered.

Because Pr, > 1, the thermal sublayer thickness
8, is about one-half of 6, . For small i} (= 100 when
h} = 200) the resistance to transfer occurs mainly
from contributions for |z} >, . However, for A
=1000 (h; = 1560) o, is 3.2 times larger than
before, while 47 is 5.6 times larger than when h;}
= 100. Accordingly, the molecular and quasimolec-
ular (cubic variation of eddy diffusivity) zones are
much more dominant at high values of k). These
zones have much smaller eddy diffusivities than the
turbulent zone so the resistance is higher at large
roughness Reynolds numbers. Similar effects are
moderated for St, and St, because Pr, and Sc, are of
order one. The molecular dominated sublayers are
already relatively thick. Increasing their size has then
a proportionately smaller effect.

It follows from Fig. 4(b), then, that as h] goes
from 195 to 1560, Q; decreases by about 15-179%.
However, from Fig. 5, it is clear that St ! increases
by over 80%;,. Thus, according to equation (21}, in
Fig. 4(c) T,—T, and (T,— T,)/(T,— T, )} must increase
with i when AT/T, is held constant.

Finally, T, — T, does not exceed 1.0 C for either the
experimental data set or for the example given here.
One can consider ignoring the water surface layer
entirely and setting T, = T,. Then an estimate for O,
QO and Q, is obtained directly without iteration (as
noted above). The sum of these gives an estimate for
Q. As T, > T, for the actual flow, setting T, = T,

increases Qg, Q, and Qp slightly. For the cases
examined herein, the overestimate of Q when T,
= T, is used does not exceed 8%, and is usually 6% or
less. This error may be acceptable in cases when
accurate values of T, and Qg are not needed.
However, this procedure is grossly in error for the
prediction of T, and Qg when T, = T,. Then, T, may
be less than either T, or T, due to the latent heat
transfer which leads to a cool film at the surface.
Consequently, Q; may be negative (i.e. transfer from
the air to the water). This is seen in Fig. 4(a) for
AT/T, < 0.02.

7. AN ESTIMATE OF STABILITY EFFECTS

The theory and example presented here are for
neutrally stratified flow conditions. For stable or
buoyant air flows the theory would need to be
modified to account for the density variation effects
on the eddy diffusivities in the ranges beyond the
matched layers (ie for z>d, or J; ) Similar
modification would be needed for stratified water
flow. In the air, for example, empirical expressions
for the dimensionless gradients ®, and @ (see
Section 4) could be introduced (cf, Dyer [28]) and
the theoretical analysis completed as before. The
resulting integrals might have to be evaluated
numerically; however, equations {13), (17) and (19)
for the sublayer thicknesses would not be altered.
Equations (14), (18) and (20) would be changed
because matching the cubic estimates and the outer
region eddy diffusivities would bring in the stability
effects.

In cases where the water surface layer flow can be
ignored as indicated above, the work of Kondo [13]
gives an indication of the expected effect of air
surface layer stability on the generalized resistances
St; ! and St ! for rough flow. For stable cases (T,
<T,) the effect is to reduce the transfer coefficients
St, and St, and to increase the resistances. When the
flow is unstable (T, > T, ), the transfer coefficients
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increase and the resistances decrease. For the most
unstable case in the example of Section 6, ie. for
AT/T, =05 (T, =20°C; T, =30"C), the stability
effect, according to [13], is a less than 8% increase in
St, or St,. For a hypothetical stable case using the
same flow parameters but with, say, T, = 30C and
T, = 20 C, the estimated decrease in St, or St, is less
than 7°;. It appears, therefore, that for the high air-
speeds associated with fully rough flows and for
more typical temperature differences of the order of
1-3 C, forced convection is dominant and the effects
of non-neutral stability are negligible.

8. CONCLUSION

The rough wall and theory presented in Sections
3.2 and 3.3 extends the work of Street and Miller [3].
The theory has been shown to be quantitatively
accurate for a data set acquired in a laboratory wind,
water~wave research facility. Because the sublayer
thickness' relationship to surface roughness was
known from [3] to be appropriate for the aqueous
surface layer under rough flow conditions (k)

W

> 100), the present results strongly suggest that the
same relationship with the same proportionality
constant is applicable in the air surface layer as well
for h} > 100. In view of this conclusion and the
direct tests (cited in Section 4) of the air surface layer
portion of the coupled theory, it appears to be a
rational means for predicting interface temperature
and heat transfers in a turbulent, air-water interface
flow situation when the interface acts as a rough
boundary. The solid wall rough flow criterion of h™*
> 100 seems to be adequate for categorizing the
regime.
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TRANSFERT TURBULENT DE CHALEUR ET DE MASSE A TRAVERS
UN INTERFACE RUGUEUX AIR-EAU: UNE THEORIE SIMPLE

Résume—Le transfert résultant a travers un interface air-eau dépend du transfert de chaleur 2 la surface
aqueuse, du rayonnement a l'interface, et des transferts de chaleur sensible et de vapeur d’eau 2 la surface
de la couche d’air. Le probléme de couplage pour ce transfert a travers l'interface sous 'action dun
écoulement d’air turbulent est résolu en appliquant une théorie pour les écoulements sur paroi rugueuse.
Les prévisions théoriques et les données obtenues en laboratoire sunt en bon accord. La prédiction des
transferts et de la température de Pinterface est faite a partir de la connaissance de la tension de
frottement a Pinterface, de la hauteur de rugosité, de la température et de 'humidité en un point de la
couche d’air et de la température en un point de I'eau, & proximité de interface.

TURBULENTER WARME- UND STOFFUBERGANG DURCH EINE RAUHE
LUFT/WASSER-GRENZFLACHE. EINE EINFACHE THEORIE

Zusammenfassung—Der gesamte Transport durch eine Luft/Wasser-Grenzfliche ist abhingig vom
Warmeiibergang in der wasserseitigen Grenzschicht, der Strahlung an der Phasengrenzfliche und dem
Transport von fuhlbarer Wirme und Wasserdampf in der luftseitigen Grenzschicht. Das gekoppelte
Problem dieses Gesamttransports durch eing Phasengrenzfliche unter dem EinfluBl einer turbulenten
Luftstrémung wird durch die Anwendung einer Theorie fiir Stromungen tiber rauhe Winde gelost.
Theoretische Vorhersagen und MeBdaten, die an einer Laboranlage gewonnen wurden, befinden sich in
zahlenmiBiger Ubereinstimmung. Bei Kenntnis der Grenzflichenschubspannung und der mittleren
Rauhigkeit sowie der Temperatur und Feuchte in einem Punkt in der luftseitigen Grenzschicht und der
Temperatur in einem Punkt in der wasserseitigen Grenzschicht lassen sich Voraussagen Gber dic
Transportraten und die Grenzschichttemperatur machen.

TYPBYJIEHTHBIH TEMJIO- U MACCONEPEHOC YEPE3 I'PAHULLY PAZJIEJIA
BO3AYX-BOHA. SJIEMEHTAPHAS TEOPUA

Annoraumms — CyMMapHbiil iepeHoc 4epes rPaHHLY Pa3ena Bo3AyX-BOa 3aBHCHT OT REpeHoca Temia
B NOBEPXHOCTHOM CJIOE BOJB!, HIIYYEHHS HA IPaHHIIE pa3lend, a Takke TENJIOoCONEePKAHHUI | Neperoca
BOJIIHOTO Napa B IOBEPXHOCTHOM cJloe Bo3ldyXa. BiaumocsazanHas npobiema CyMMapHOro nepeHoca
Yepe3 rpaHuly pasfesia PpH TYPOYNIEHTHOM TEUEHHH BO3/LyXa PeLIAeTCs ¢ IOMOLILIO TEOPHH OB TeKaHUs
epoxoBaToif CTeHKH. [lonyyeHo XOpollee KONMYECTBEHHOE COTIACOBAHME PE3YILTATOB PACYETOB C
IKCHEPHMEHTANBHBIME NAHHBIMH. PacuéThl npoLEeccoR nmepeHoca M TEMIEPATYPHl IPAHHHBI pasieia
NPOBOAWIHCE B TEPMHHAX KacCaTEeNbHOTO HANPAKCHHA HAa IPaHMUE pa3jena, CPeiHeR BLICOTH miepo-
XOBATOCTH CTEHKH, @ TAKKE TCMOEPaTYPhi H BAAXHOCTH B HEKOTOPOH TOYKE B MOBEPXHOCTHOM CJI0€
BO3/lYXa M TEMHEPATYPhi B HEKOTOPOHR TOYKE B HOBEPXHOCTHOM CJ10€ BOMBL.
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