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ABSTRACT

Heat and mass transfer mechanism across the sheared
air-water interface was both experimentally and numerically
investigated. Turbulence structure near the interface was
clarified by instantaneous velocity and temperature
measurements together with direct numerical simulation of
wind-driven turbulence. Heat and mass transfer coefficients
on the water side were measured through evaporation and
CO,-desorption experiments in small and large wind-wave
tanks and their behaviours against wind speed were
discussed with turbulence structure near the interface. The
results show that both heat and mass transfer coefficients on
the water side increase with the free-stream wind speed and
they have a small plateau in the middle wind speed region
where the streaky flow structure changes to patchy one. The
distributions of the mass transfer coefficient against the
free-stream wind speed also show no dependency of fetch
and they agree with the field measurements plotted against
the free-stream wind speed in the atmospheric surface layer.
By using the empirical correlations between the transfer
coefficients and the free-stream wind speed the global heat
and mass transfer exchange rates across the air-sea interface
were estimated. The estimation suggests that the global air-
sea heat and mass exchange rates are larger than those
predicted by conventional models.

INTRODUCTION

The climate change owing to increasing release of
carbon dioxide has been warningly predicted through
numerical simulations based on the atmosphere-ocean
general circulation model (AOGCM). In order to precisely
predict such climate change and abnormal weather, it is of
importance to examine some submodels used in the
AOGCM without theoretical and experimental verifications.
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One of the uncertain submodels is the bulk method for
estimating heat and mass transfer across the air-sea interface.
The bulk model for estimating CO, transfer across the air-
sea interface is given by the mass flux per unit area:

F =k SApCO,, @)
where k; is the mass transfer coefficient on the water side
and S is the solubility of CO, in sea water and 4pCO, is the
partial pressure difference of CO, between atmosphere and
ocean. Similarly the total heat flux per unit area Q1 can be
estimated on the water side by

QT = pWCp,w hLATa (2)
where py is the water density, C, ,, the specific heat of water,
hy the heat transfer coefficient on the water side and AT the
temperature difference between the interface and bulk water.
However, AT is so small in oceans that precise data of AT
cannot be available. Therefore, Oy for the air-sea interface
is estimated on the air side by

Or=0ut Opt Ok, 3)
where Qy is the sensible heat flux, Qg the latent heat flux
and Qg the radiative heat flux. By using temperatue and
specific humidity differences between atmosphere and sea
surface, AT and 4q, together with sensible and latent heat

flux transfer coefficients, Cy; and Cg, the sensible and latent
heat fluxes, Oy and Qf, are given by

QH = pan,a CHUA T > (4)

Op=puLy CgU4dg )
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where U is the wind speed above the air-sea interface, pg
the air density, C,, the constant pressure specific heat of air
and Ly the evaporative latent heat.

The conventional bulk models are based on the
assumption that Cy and Cg in Eqgs.(4) and (5) are constant
irrespective of velocity and temperature fields (DeCosmo et
al., 1996) and & in Eq.(1) is simply propotional to the mean
wind speed at the elevation of 10m from the air-sea
interface, U;y (Wanninkhof, 1992; McGillis, 2001).
However, the values of &y, Cyy and Cg measured in oceans
are so scattered among previous studies that it is difficult to
verify the assumption in the conventional bulk models.

In order to confirm whether the conventional bulk
models are applicable to the estimation of heat and mass
flux across the air-sea interface or not, we first have to
precisely measure heat and mass fluxes across the sheared
wavy air-water interface and to clarify heat and mass
transfer mechanism together with turbulence structure near
the interface. One of the best ways for getting reliable
measurements is to perform laboratory experiments in a
wind-wave tank where more steady flow and scalar fields
than oceans are attained and turbulence quantities can be
more precisely measured. Although a number of laboratory
experiments for investigating wind shear effects on the mass
transfer have been conducted in a wind-wave tank, the
effects of other factors such as fetch, swell and rain have not
been fully clarified (Kurose et al., 2008; Takagaki &
Komori, 2007; Sugioka & Komori, 2007). Furthermore, few
heat transfer studies have been conducted to precisely
measure the heat flux in a wind-wave tank.

The purpose of this study is to clarify the mechanism
of heat and mass transfer across the wavy sheared air-water
interface together with turbulence structure and to examine
the conventional bulk models for estimating heat and mass
transfer rates across the air-sea interface. By using the
results obtained from laboratory measurements, we try to
estimate the global heat and mass exchange rates between
atmosphere and ocean.

EXPERIMENTS

Small and large wind-wave tanks were used here. The
sketech of the tank is shown in Fig.1. The small (large)
wind-wave tank had a glass test section of 7m (20m) long,
0.3m (0.6m) wide and 0.8m (1.3m) high. The water depth in
the tank was 0.5m (0.7m) and the vertical height of the air
flow above the air-water interface was 0.3m (0.6m).
Nonlinear three-dimensional waves were driven in the
wind-wave tanks by winds with the free-stream velocity of
U,= 2 ~ 15m/s. Filtered tap water was mainly used and
3.5wt% salt water was also used to investigate the effect of
salinity on heat and mass transfer.

Air outlet

Honey-comb S¢Teen

Wind-wave tank

> AIr

Figure 1: Exprimental apparatus.
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Heat transfer experiments by evaporation were
conducted only in a small wind-wave tank with warm water
with a constant temperature of 40°C, since side and bottom
walls were easily insulated by foam plates and temperature
was easily controlled for the small tank compared to a large
wind-wave tank. The measurements were carried out at x=4
m (fetch) from the entrance (x=0) into the test section.
Instantaneous velocity and temperature were simultaneously
measured at the same point using a laser Doppler
velocimeter and cold film and wire I-probes operated by a
constant-current temperature bridge in both air and water
flows (Nagata and Komori, 2001) and turbulent heat flux
was directly estimated from the simultaneous velocity and
temperature measurements in the vicinity of the interface.
Air velocity was also measured by a Particle Image
Velocimetry (PIV) to obtain the vertical mean velocity
profile. The surface temperature of the interface was
measured by a high-speed scanning infrared thermometer
and the humidty in the air flow was measured by an infrared
hygrometer. In order to precisely estimate the frequency of
the appearance of surface-renewal eddies in the water flow,
fs, a VITA technique was applied to the instantaneous
vertical turbulent heat flux signal (Komori et al., 1993a).
Instantaneous wave height was measured using a wave crest
meter.

Mass transfer experiments were conducted through
CO, desorption from the water side to the air side in both
small and large wind-wave tanks. The large wind-wave tank
enabled us to investigate the effect of the fetech on mass
transfer. Pure CO, was excessively dissolved into filtered
tap water at 20°C in the tank, and the mean concentration of
CO, in the air side was measured vertically at x =3, 4, 5, 7,
10 and 15m by using sampling tubes connected to CO,
analyzers based on infrared spectroscopy. Mean
concentration on the water side was measured by a sampling
tube connected to a total organic carbon meter. Air velocity
above the interface was measured by the PIV. By taking the
mass balance from the vertical mean concentration and
velocity profiles at the two stations of 3 and 5m in both
small and large wind wave tanks, the mass flux F per unit
area was estimated at x=4m and it was confirmed that F
well agrees with the mass flux estimated by the flux profile
method on the log-law profile of mean concentration. By
means of this profile method, the mass transfer coefficient
on the water side k; was obtained for the fetches of x=7, 10
and 15m in a large tank by

k= F/AC, (6)

where AC is the concentration difference between the
interface and the bulk water. .

DIRECT NUMERICAL SIMULATION

Direct numerical simulation (DNS) was applied to
investigate the relation between turbulence structure and
scalar transfer in the wind speed less than Sm/s. Deforming
wavy air-water interface was captured using an arbitrary
Lagrangian Eulerian formulation (ALE) method with
boundary-fitted coordinates (BFC). The numerical
procedure used here was essentially the same as in Komori
et al. (1993b). The non-dimensional equations governing the
flow and passive mass in an incompressible Newtonian
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fluid are the equation of continuity, Navier-stokes (N-S)
equation, and conservation equation of passive mass:

ou.
Pizo, 7
- ™)
2
%4_ ‘%:_6_p+Lﬂ+L . (8)
ot T ox; ax, Reoxox, Fr "
2
WL e 1 ee
ot ' dx; Re-Sc ox,0x,

where U, is the i th component of the velocity vector (i =1,
2 and 3 denote the streamwise, spanwise and vertical
directions, respectively), p the pressure, J; the kroneker’s
delta, C the passive mass. The Einstein summation
convection is used. The non-dimensional parameters, Re, Sc
and Fr based on the reference length L, and velocity U, are
defined as

_U
gL,

(10)

where v is the kinematic viscosity, D the molecular
diffusivity of the mass, and g the acceleration of gravity.

On the free surface, two boundary conditions should be
satisfied for the flow field as shown in Fig.2. One is the
kinematic boundary condition that describes the Lagrangian
behavior of the fluid particle on the free surface:

z+U i+

Py
ot 0ox,

=U,, ()
2 axz 3

where f is the function representing the form of the free
surface. The other is the dynamic boundary condition which
is determined from the balance of stresses acting on the
interface in the normal and tangential directions:

pto,+p,=p+to,,

1
o, =R—eey.nl.n,., (12)
ps :7km’
o, =0,

1 (13)
o, R_eeﬁn"ti,

where o, , o,, p,, ¢, 7, k, n, t; are the normal

component of the viscous force vector, the tangential
component of the viscous force vector, the pressure
variation due to the surface tension, the deformation rate
tensor, the surface tension, the mean curvature of the free
surface, the unit vector in the normal direction and the unit
vector in the tangential direction, respectively. The
parameters with and without the tilde denote the values on
the air and water sides, respectively. On the other hand, the
passive mass conservation equation (9) was solved only on
the water side. The boundary condition of the passive mass
at the air-water interface on the water side was given by C =
1.0.
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The governing equations (7)-(9) and (11) were
discretized to construct the finite-difference formulation,
and the marker and cell (MAC) method was used to solve
the N-S equation. The discretization of the nonlinear terms
in the N-S equation (8), the passive mass conservation
equation (9) and the kinematic boundary condition (11) was
derived from a fifth-order upwind scheme. The other spatial
derivatives were approximated by a second-order central
difference scheme. The time integration was carried out by
an Euler implicit method.

The geometry and grid system of the computational
domain are shown in Fig.3. The computational domain was
8 x4 6x3 9 in the streamwise (x), spanwise (y) and
vertical (z) directions. The origin (x =y =z = 0) was located
at the height of 2 6 from the bottom, and the initial flat air-
water interface which divides between the upper air and
lower water sides was placed on the z = 0 plane. The grid
points used in the streamwise (x), spanwise (y) and vertical
(z) directions were 200 x 100 x 60 on the air side and
200 x 100 x 120 on the water side, respectively. The grid
spacing was equidistant in the streamwise (x) and spanwise
(y) directions, and to get high resolution the nonuniform
meshes clustered in the air-water-interface region were used
in the vertical (z) direction. Periodic boundary condition
was applied in the streamwise (x) and spanwise (z)
directions, and slip boundary condition was applied in the
vertical (y) direction. As initial conditions of the flow field,
a fully developed wall turbulent flow and a quiescent flow
were given on the air and water sides of the flat interface,
respectively. After the flow on the liquid side was fully
developed, the boundary condition of the passive mass (C =
1.0) on the liquid side of the air-water interface was given.

Table 1 shows numerical conditions in this study. The
parameters with the subscript “ini” in the table 1 indicate
the initial values. The deforming air-water interface was
simulated for an initial air uniform velocity U, ,.=5.2 m/s.
The Reynolds number Re is based on the uniform air
velocity U, and the height of the computational domain on
the air side (6=1.25% 10> m), and the Reynolds number
Re (=ou*/v) is based on the friction velocity on the air
side u* and the height of the computational domain on the
air side. The Schmidt number Sc was assumed to be unity in
this study. This is because although the Schmidt number Sc
in the liquid flows is generally much larger than unity (Sc =
600 for CO,), DNS of such flows are impossible at present
since the Batchelor scale which is a small-scale variation of
passive scalar is much smaller than the Kolmogorov scale.
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Figure 2: Boundary conditions at the air-water interface.
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in the transition region the increase of the shear stress at the
interface (friction drag) may be suppressed by the flow
separation behind wave crests in contrast to the increase of
the form drag (pressure drag). In fact, the frequency of the
appearance of surface-renewal eddies in the water flow, fs,
which was estimated by applying a VITA technique to
instantaneous vertical heat flux vé, has a similar trend to 4
in Fig.9. This explains why /; has a small plateau in the
middle wind speed region.

3

x10”
S
3+ .
w
Z, !.
Figure 3: Computational domain and grids for DNS. E
=3 .
~
Table 1: Numerical conditions. 1+ e
e
Interface U, . u*,, Re,, Re,,, .
]
Deforming wave  5.2[m/s] 0.25 4340 205 !--
]
0 L} 1 1 1
0 5 10 15 20
U [ms]

RESULTS AND DISCUSSION

Heat Transfer .
The total heat flux Or was estimated by pwC,,\, V0|, »

where v@| . is the maximum value of the vertical turbulent

heat flux v@ in the water flow just below the air-water

interface. Heat transfer coefficient on the water side 4; was

Figure 4: Heat transfer coefficient on the water side /g
againt U .

given by Eq.(2). Figure 4 shows the distribution of /; againt 312°C
the free-stream wind speed U, . The coefficient /g 30.9
increases with U_, and its profile has a small plateau in the 307
middle wind speed region of 7.5~10m/s. When the surface o
temperature distributions taken by a high-speed scanning 30.4
infrared thermometer are compared between two cases of 30.2
U, =3.1m/s and 13.2m/s as shown in Fig. 5, it is found that
the surface flow pattern changes from streaky structure and 29.9
patchy one. Corresponding to this transition, the standard 29.7
deviation of surface temperature oy also has a plateau in the
middle wind speed region as shown in Fig.6. 294
In the low wind speed region, the turbulence structure 20.2
is close to the structure on the flat boundary layer. In fact,
the DNS predictions of the instantaneous mass flux on the 31.8C
air-water interface at U, ,, = 5.2 m/s in Fig. 7 and the 31.6
instantaneous iso-surfaces of the second invariant on the
water side in Fig.8 show the streaky structure and the 313
appearance of typical horseshoe vortices beneath the 31.1
streakes. Although it is impossible to numerically simulate
the turbulence structure at higher wind speed than 10m/s 03
where breaking waves are actively generated, the 30.6
longitudinal turbulence structure may be disturbed by the 303
ripple-like breaking waves in such high wind speed region. ’
Thus, the patchy structure may appear in the high wind 30.1
speed region by mixing of the longitudinal horseshoe 29.8

vortices with spanwise ripple-like vortices. In the middle
wind speed region of U_=7.5~10m/s corresponding to the
trandition region, waves are developed with increasing
U, and the friction velocity increases with U . However,

Figure 5: Instantaneous surface temperature at U_ =3.1m/s
(upper) and 13.2nv/s (lower).
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Figure 6: Standard deviation of surface temperature against Figure 9: Frequency of the appearance of surface-renewal
U,. eddies in the water flow fs against U .
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Figure 7: Instantaneous mass flux at the air-water interface U, [m/s]
by DNS.
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Figure 8: Instantaneous iso-surfaces of the second invariant Figure 10: Heat flux transfer coefficients Cy; and Cy against

on the water side by DNS. Uo.
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In order to estimate Cy and Cg in Eqs.(4) and (5), the
sensible heat flux Oy was estimated by p,C,,v@],, , where
V0|, is the maximum value of the vertical turbulent heat x10
flux vO in the air flow just above the air-water interface.
Radiative heat flux Qg in Eq.(3) was estimated by the
Stefan-Boltzmann law. From these Qy and Oy together with
Or measured in the water flow, the latent heat flux Qg was
calculated using Eq.(3). 4r 1
Figure 10 shows the distributions of sensible and latent
heat flux transfer coefficients Cy and Cg obtained by
substituting the above Oy and Qf into Egs.(4) and (5)
against Uy, together with the best-fittong curves of .
previous field measuements. The sensible heat flux transfer ..-l“
coefficient Cy is almost constant irrespective of the wind L
speed, but it is smaller than the field measurements. Wheras . "
Cg shows the complicated depedence of wind speed and it .an®
differes from the field measurements. This suggests that the ol ! ! !
conventional assumption for the same constant value around U [mis]
unity for Cy and Cf is not suitable for estimating the heat ©
flux on the air side. Instead of such transfer coefficients, we
propose the following sensible and latent heat transfer
coefficients /1, and ky: x10°

h, [m/s]

QH = pan,a hAAT s (14)
Or= pLv kadq , (15)

where AT and Agq are the temperture and humidty
differences between the bulk air flow and the interface.
Figure 11 shows the distributions of 4, and k, against the
free stream wind speed U_ . The coefficient /h, is n

A
‘W

k. [m/s]

proportional to U_, and k, shows very similar behavior to

the heat transfer coefficient on the water side 4 in Fig.4. .

This suggests that sensible heat transfer is controlled by the o

air turbulence, and the latent heat transfer dominates the .-a

total heat transfer across the air-water interface. 0 5 10 15

U [ms]

Mass Transfer
Figure 12 shows the distributions of the mass transfer Figure 11: Distributions of /1, and k, against U .
coefficient on the water side &, against the free-stream wind )

speed U, at fetches of x=4, 7, 10 and 15m in a large tank <10"
2.5 T T T

and x=4m in a small tank. The values of & in the present
small and large wind-wave tanks are well correlated with
U, irrespective of fetch. The distributions also have a small 20

plateau in the middle wind speed region as well as 4, and |f;>
they differ from the conventional monotonous increasing k; .
This means that the mass transfer is also controlled by the Lsr %X 7
same mechanism as the heat transfer. It was also found that

ky is a little better correlated by U, than by air friction

k, [m/s]
&

velocity u*, or wind speed at the elevation of 10m above the Q@S& x
air-water interface, U. >%?§\; %

In order to investigate the effect of salinity on the mass 051 >(<§g>
transfer, the same CO, transfer experiments were conducted >§ u
in the small wind-wave tank with 3.5wt% salt water. Figure 0.0 ) ) )
13 shows the ratio of the mass transfer coefficient for the o 5 10 15
salt water to that for the fresh water, kys/krp. The effect of U [mss]
salinity appears in low and middle wind speed region less ”
than 8m/s. The damping effect may be caused by the
apparent reduction of molecular diffusivity due to surface Figure 12: Mass transfer coefficient on the water side &
contamination (Komori & Shimada, 1995). Such damping against U, 0, 0, A, O at x=4, 7, 10 and 15m in a large
effect was not found in heat transfer. wind-wave tank, respectively; x at x=4.0m in a small wind-

wave tank.
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Figure 13: The ratio of the mass transfer coefficient for the
3.5wt% salt water to that for the fresh water Ay g/k1r against
U

o "

Global Air-Sea Heat and Mass Transfer

It is of interest to estimate the global heat and mass
exchange rates between atmosphere and ocean by using the
above laboratory measurements. Figure 14 shows the
comparison of the present &; with field measurements by the
eddy-correlation method (McGillis et al., 1997, 2001, 2004;
Fairall et al., 2000; Jacobs et al., 2002). Here the present A
is given by multiplying k; in Fig.12 by the damping factor
in Fig.13 and all the data are plotted against U,. It is found
that the present measurements remarkably deviate from the
field data in the middle and high wind speed region. This
suggests that U, is not a suitable parameter for correlating
ki. On the other hand, the field measurements plotted
against the free stream wind speed U come to the present

measurements as shown in Fig.15. Here the free stream
wind speed at the outer edge of the atmospheric boundary
layer above the air-sea interface was approximately given
by the wind speed at the elevation of 65m (Anderson et al.,
2005; Toba et al., 1990).

The field measurements are so scattered that it is
difficult to show explicitly the availability of U . However,
the agreement with the field data suggests that the outer
variable U_ may be a more suitable parameter for
correlating 4; than inner variables such as u*, or U;o. When
we consider the wavy interface as a kind of roughness
boundary, the approximate proportionality between the
frequency of the appearance of surface-renewal eddies f
and U_ (see Fig.9) also suggests that the surface-renewal
frequency closely affecting k; is determined only by U,
irrespective of the Reynolds number and the bounday layer
thickness. In fact, the ratio of the free-stream wind speed to
bursting frequency measured by Antonia & Krogstad (1993)
and Mochizuki & Ohsaka (1992) in a rough bounday layer
in a wind tunnel shows an almost constant value
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irrespective  of Reynolds number and boundary layer
thickness. When we consider the close relation between
orgnized motions above and below the interface (Komori et
al., 1993a), we can accept the correlation between A and
U, in Fig.15.

140 T T T T T T I-' T T T
€] .,' /-
120 | P ,
g : ’
T ’
100 | o - , -
c® ,’
= S80f o , i
g . /
S ° b *
L 60 =) 4 * T
= o ol /
| ot "
40 | -/ e
) O O 7 ‘_
Xs #
20 O -
0 QO 1 1 1 1
0 5 10 15 20 25 30
U, [m/s]

Figure 14: Comparison of k& with field measurements
against Uj,. Closed and open symbols are the present
laboratory measurements and previous field measurements,
respectively. Lines show the conventional 4 models by; - -
- - Liss & Merlivat (1986); Wanninkhof et al. (1992); -
- - -- McGillis et al. (2001).

140 ———————————

120 | P
100 |
80 |

60

k, [cm/h]

20 |-
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Figure 15: Comparison of & with field measurements
against U_ . Symbols as in Fig.14.
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Under the assumption that &y is given by a dashed line
in Fig.15, we can estimate the global carbon exchange rate
using the data base of 4pCO, (Takahashi et al., 2002) and
wind speed from NCEP/NCAR (National Center for
Environmental Prediction/National Center for Atmospheric
Research) Reanalysis (Kalnay et al., 1996). Figure 16 shows
the distribution of mean annual air-sea CO, flux for year
2001. It is found that uptake and discharge of CO, into and
from oceans are seen in high and low latitude regions,
respectively. Table 2 also shows the global CO, exchange
rate for year 2001 with the predictions by previous models
in Fig.14 (Liss & Merlivat, 1986; Wanninkhof et al., 1992;
McGillis et al., 2001). The present model of & shows that
the net uptake of carbon into the oceans is about 2.2
PgC/year and this value well agrees with the value
estimated by the IPCC report (2007), compared to other
predictions .

For heat transfer, it is not easy to estimate the global
exchange rate as well as mass transfer. If the temperature
difference between the ocean surface and bulk water is
precisely given by the database, the global heat flux can be
estimated using /; in Fig.4 as well as the mass flux.
However, the temperature difference on the water side is too
small to precisely estimate the total heat flux Or in Eq.(2)
by hp. Therefore, the heat transfer rate has been estimated

only on the air side by using Eqgs.(3)-(5). When the
conventional heat flux transfer coefficients
(Cy=Cg=0.00125) against U;, are wused with the

NCEP/NCAR Reanalysis air temperature and humidty data
sets, the global mean air-sea sensible and latent heat fluxes
Op and QO are estimated to be 11.5 W/m? and 95.0W/m?,
respectively. If we use sensible and latent heat transfer
coefficients /5 and k, against U_ in Fig.11 together with

the temperture and humidty differences between ocean
surface and measuement points given in the NCEP/NCAR
Reanalysis air temperature and humidty data sets, we obtain
the heat fluxes of Qy=12.1W/m* and Qp= 182W/m> The
latent heat flux is rather larger than the conventional
estimation. However it should be noted that the present
simulation of global heat transfer is based on the uncertain
estimation of temperture and humidty differences between
atmosphere and ocean.

60°E 120°E 180°W 120°W 0°

x107

[mol/m? 5]

Figure 16: Distribution of mean annual air-sea CO, flux for
year 2001.
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Table 2: Global CO, exchange rate for year 2001 estimated
by some correlations between & and U_ or Uj,. The unit of

the exchange rate is PgClyear.

Authors Net Sea to Air | Air to Sea
This study -2.19 2.5 -4.69

for ky vs. U,

McGillis et al. -1.59 1.52 =311
(2001) for ky vs. Uy

Wanninkhof et al. -1.39 1.55 -2.94
(1992) for kL VS. UIO

Liss & Merlivat -0.80 0.93 -1.73
(1986) for k; vs. Uy,

CONCLUSIONS

Heat and mass transfer mechanism across the sheared
air-water interface was both experimentally and numerically
investigated. Turbulence structure near the interface was
clarified by instantaneous velocity and temperature
measurements together with direct numerical simulation of
wind-driven turbulence. The main results from this study
can be summarized as follows.

Both heat and mass transfer coefficients on the water
side increase with the free-stream wind speed and they have
a small plateau in the middle wind speed region where the
streaky flow structure changes to patchy one. The
distributions of the mass transfer coefficient against the
free-stream wind speed also show no dependency of fetch
and they agree with the field measurements plotted against
the free-stream wind speed in the atmospheric surface layer.
The assumption that sensible and latent heat flux transfer
coefficients have the same constant value is not appropriate
to the conventional bulk models and new transfer
coefficients are proposed in this study.
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