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ABSTRACT

A theory for RIFT, the transport process that results from raindrops
impacting shallow flows, 1s presented. The theory relies on the observation
that, after being lifted from the soil surface, a particle moves downstream a
distance that depends on flow velocity and the time the particle remains
suspended in the flow. The theory indicates that sediment transport rates
increase linearly with rainfall intensity and flow velocity when entrainment

by flow is absent.

Laboratory experiments where sand was eroded by rain-impacted flow
provide support for the theory. In addition to influencing the downstream
motion of particles detached by raindrop impacts, surface-water flows absorb
raindrop energy. Consequently, interactions between flow depth and drop size
were also examined through the laboratory experiments. This resulted in a
mathematical model of RIFT that accounts for the interactions between
raindrops and flow on the sediment transport rate. When applied to
experimental data, the model showed that the time-averaged effect of rainfall
on sediment transport by rain-impacted flow is independent of the manner by

which the rain is applied.

Particle size was also varied in the experiments. Par:icles having
similar fall velocities in water but different densities were transported at
different rates. The differences were more the result of differences in the
masses of material lifted into the flow by a drop impact than differences in

the distances the particles travelled after being disturbed.

On soil surfaces, pre-detached particles stored on the surface between
impacts protect the soil matrix. Us.ng a numerical model of RIFT, the
protective effect was shown to vary in time, with particle size and with the
difficulty experienced by drops in detaching soil particles from the soil

matrix.

Flow depths and velocities are seldom measured but the RIFT theory
provides a mechanism for developing models using more commonly measured
parameters. An analysis of field experiments using an alternative to the more
commonly used interrill erosion model indicates that actual interrill
erodibilities may differ significantly from those determined using the
previous model. An alternative to the EI3y index in the USLZ also results from

the RIFT theory.
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PREFACE
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measure of the erosive power of rainfall. When the raintowe:r facilities of the
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experiments on sediment transport by rain-impacted flow before undertaking
experiments with runoff and soil loss plots under natural rainfall. Erosion by
rain-impacted flow was the major cause of the erosion in these field
experiments and it soon became obvicus that internationally there was a lack
of knowledge on this erosion process. Most of mathematical models of rainfall
erosion prcduced to date fail to account for sediment transport by rain-
impacted flow because of this. The work reported here is a contribution

towards resolving this problem.
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(I.N.R.E. Biometric Unit, CSIRO). The assistance of Dr. David Smiles, Dr. Pat
Walker, Dr. John Williams in providing an administrative climate which allowed
the work tc proceed is also gratefully acknowledged. The quality of the
figures in this thesis is a testamernt to the skills of the Division's Drawing
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who undertcok much of the work in developing the raintower Zacilities back in
the mid 1970s. Without the development of such facilities, much of the work

reported here would not have been possible.
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assistance of a CSIRO/UNE co-operative grant. This work required the
development of new facilities at the university. The support of the workshop

staff of the Department of Resource Engineering, in particular David Sauer and
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Trevor Stace, in developing these facilities is gratefully acknowledge. My
thanks are also given to Prof. John Burton (Dept. Res. Eng., UNE), Dr. Alf
Cass (Dept. Agron. and Soils, UNE) and Prof. Ian Moore (CRES, Australian

National University) who acted as supervisors for the Ph.D program.
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SUMMARY

Rain-impacted flows often dom:nate the sheet and intec-rill erosion
environment, but the factors that influence sediment transport by these flows
have been studied little. Many modern models of rainfall erosion ignore the
contribution rain-impacted flows make to the movement of soil material over
the soil surface. In this thesis, a theoretical basis for investigating the
factors that influence sediment transport by rain-impacted flow is presented
in Chapter 2. The effects of a number of these factors are studied
experimentally in Chapter 3. Then the application of the theory to modelling
the erosion of soil surfaces by rain-impacted flow is demonstrated in Chapters

4 and finally, some suggestions for further study are presented in Chapter 5.

When a soil particle is detached from the soil matrix by a raindrop
impacting a shallow flow, the particle may move downstream across an arbitrary
boundary in one of 4 modes. The particle may move aerially by drop splash, but
if it fails to be lifted above the water surface, or falls back into the water
upstream of the boundary, it may then move in one of 3 modes that are
associated with the flow. It may, if it is small or of low density, move as
suspended load. If it is larger or of higher density, it will fall back to the
soil surface before the boundary. If the flow has sufficien: velocity, the
particle may then be entrained by the flow. If not, then the subsequent
downstream movement can only occur under the stimulus of a external force.

Raindrops impacting shallow flows can provide that force.

The downstream movement of soil particles that relies on repeated
stimulation by raindrop impact is termed Raindrop Induced Flow Transport
(RIFT) . The theory for RIFT presented in this thesis relies on the observation
that, after being lifted from the soil surface as a result of a drop impact, a
particle travels a distance (xp) downstream that depends on the time the
particle remains suspended in the flow (tp) and the velocity of the flow (u).
The distance travelled controls the extent of a zone, called the active =zone,
in which all drop impacts cause soil material to pass across the boundary. As
a result, the sediment transport rate (qgg) across the boundary is given by
the product of the frequency (f) of the drop impacts in this zone and the mass

of material (D) each drop lifts into the flow. The sediment transport rate can
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be expressed as a function of rainfall intensity (R), raind-op size (d)

particle size (p) and flow velocity by

6 Rd t'pd u Dpd
qu (p/d) = (2.20)
n a3

where t'pd is the effective average duration of the suspens:on of p sized

particles induced by the impact of cdrops of size d.

On scil surfaces, pre-detachec particles are stored on the scil surface
between impacts and, as a result, drop impacts may lift both pre-detached
particles and particles from the soil matrix. Pre-detached particles sitting
on the surface are lifted first and particles from the soil matrix are lifted
only if there is excess energy left after this process. The pre-detached

particles provide a degree of protection (H), with the result that
Dpq = H.Dpg p + (1-H)Dpy u (2.24)

where Dpd.D is the value of Dpd obtained when the soil matrix is completely
protected and Dpd.M is the value of Dpd obtained when no pre-detached material
exists. The need to store particles on the soil surface during the transport
process results in the development of a layer of pre-detached particles on the
soil surface. Through the use of a numerical model of the RIFT processes, the

temporal and spatial variability of this layer is demonstrated in Section 2.4.

Available data, together with new data collected durirg this study
(Chapter 3), confirm that Eq. 2.20 can account for effects ¢f R and u on dgg-.
These data also show that ggg is influenced by particle size, density and flow
depth (h). Apart from drop size and particle size, factors such as drop
velocity, drop shape, particle density, and flow depth influence Dpd and t'pd-

The data collected during the study show that,
Dpgt'pg = ko (1 - Bh) for hy<h<h, (3.5)

where hy = 4 mm and hy = 3d, ky is the intercept on the "y" axis projected by

the linear equation

Dpdt‘pd = ka - b2h (3.6),
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and B is the inverse of the projected intercept on the "x" axis. Both 8 and kg
vary with drop size and velocity but 8 varies independently of the
characteristics of the eroding surface. kj is influenced by both the drop and
the surface characteristics and kj decreases in value with particle fall

velocity to a power less than 0.5 when particle size varies.

In this study, coal was used to examine the movement of particles of a
density similar to that of aggregates. The experiments show that Egq. 3.5
applies not only to sand but also to ccal but, when the particles have similar
fall velocities, dgr for coal particles greatly exceeded the values for sand.
Eg. 3.5 is also valid for erosion of soil surfaces by rain-impacted flows

where a wide range of particle size and density are present.

It follows from the combination of Egs. 2.20 and 3.5 that the effects of
rain (r), flow and soil (s) on ggg can be represented by an equation of the

form

qu[s,r] = kg R u f[h,r] (3.21)

where kg is the susceptibility of the soil to erosion by rain-impacted flow
and f[h,r] is a function that accounts for the interaction between raindrop
size and flow depth. Analysis of the data from the experiments presented here,
together with the data from Moss and Green (1983), indicates that raindrop
size has a non-significant influence on gz when medium-to-large drops
travelling at or close to their terminal velocities impact Zlows shallower
than about 4 mm. Evidently, this effect results from the water surface
restricting the height to which particles are lifted in the flow when these
high energy drops impact shallow flow because drop size influences ggy when
small drops travelling at terminal velocity, and medium-to-large drops
travelling at subterminal velocity, impact flows shallower tthan 4 mm. On the
basis of the apparent constraint placed on ggg by the height: of the water
surface, the gzg-h relationship observed for 5.1 mm drops travelling at

terminal velocity,

qgr[s,r] = 0.001553 kg R u h exp(5.7975 - 0.1881h),
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provides a mechanism for determining the upper limit of ggr for flows

shallower than about 20 mm. The above equation results from

ksf[h,d] = h exp(5.7975 - 0.1881h) (3.26a)

and the observation that, for 0.2 mm sand used in the experiments, kS = 644

kg.s m S (Table 3.7).

In that, at some critical depth (he), the £[h,d] to h relationship

departs frem Eq. 3.26a, Eq. 3.26a is applies when h<h,, and, for 0.2 mm sand,

kgf[h,d] = h exp(5.7975 - 0.1881h, - b'g(h-h.)) (3.26Db)

where

b'q = exp(0.77749 - 0.48251 d) (3.27)

applies when h<h,. Together, Egs. 3.21 ,3.26 and 3.27 provide a mechanism for
estimating the effect of drop size - flow depth interaction for rain with non-
uniform drcp-size distributions, anc a mechanism for separating the erosivity
and ercdibility components in erosicn by rain-impacted flow. Using this
mechanism, the assumption that the time averaged effect of rainfall on
sediment transport by rain-impacted flow is independent of whether rain is
appliec as a pulse, as often the case with field rainfall s:mulators, or
appliecl as a continuous stream, as in the case of natural rainfall, was found
to be valid (Section 4.2). However, the effect of pulsed ra:nfall c¢n
variations in the susceptibility of surfaces to erosion lies outside the scope

of this study.

While factors such as flow depth (h) and velocity (u) directly affect
dgrs they are seldom measured. It is well known that sediment discharge is
given by the product of flow discharge (g,) and sediment concentration (c).

Thus

dsr = Sy CR (4.5)
where cp is the sediment concentration resulting from the raindrops impacting

the flcw. Since flow discharge is the product of flow depth and velocity, it
follows from Eg. 3.21 that
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crls,r] = kg R £lh,r] h7! (4.6)
and
asgp = kg 9y R flh,r] h71 (4.7) .

Considering qgr in terms of flow discharge thus eliminates the need to
consider flow velocity but the effect of flow depth remains to be accounted
for. However, it is also well known that slope gradient (S) influences flow

depth and velocity and, as a result, Eqg. 4.7 can be rewritten as

dsr = k1 9y R £[S] (4.8)

where [S] is a function that accounts for the effect of slope gradient on dsRr
and kq is a coefficient influenced by variations in soil characteristics and
also by variations in flow depth that are not accounted for directly by f[S].

Analysis of data from Meyer and Harrmon (1989) shows that, for S$S<30%,

f[8] = S (4.9)
but other functicns that include an interaction between soil and slope

gradient may be more appropriate (Section 5.2).

Equation 4.8 is comparable to a widely used model tha: uses RZ rather
than R g, and K; rather than kj. Analysis of 18 cropland soils used in the
USDA Water Erosion Prediction Project (WEPP) in terms of the two models
indicates that the susceptibility of some soils to erosion by rain-impacted

flow may differ substantially from the values used in WEPP (Section 4.1).

The dynamic depositional layer (DDL), the layer that results from the
need to store particles on the soil surface between drop impacts when RIFT
operates and entrainment by flow is absent, has a major influence on sediment
discharge through the term H in Eg. 2.24. While the development and effect of
the DDL is demonstrated using a numerical model of the RIFT processes in
Section 2.4, the modelling concepts used in that section are impractical for
field sized areas. In Chapter 5, an alternative approach is suggested. This
approach considers the particle uplift and deposition events separately during

an element of time, and the protective effect of the DDL to be absolute (H=1)
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when the mass of the DDL in the active zone associated with any particle is
greater or equal to the maximum mass RIFT can transport from that zone during
that elemert of time. Otherwise, H is given by the ratio of the mass of the
DDL in the active zone and the maximum mass RIFT can transport from that zone
during that element of time. While the model produces reasonable results under
a set of arbitrary conditions, the concepts need to be evaluated under more

realistic circumstances.

Just as the consideration of the product of flow discharge and sediment
concentration provides an alternative interrill erosion model to the one used
in WEPP, so too does this product provide an alternative to the EIgg index in
the Universal Soil Loss Equation (USLE) and the Revised Universal Soil Loss
Equation (RUSLE). In this case, the product of flow discharge, or its
surrogate, the excess rate of rainfall, and the rate of expenditure of rain
kinetic energy may be considered as a more processed orientated index than
E3g. Also, the use of such an index would enable factors, such as antecedent
soil moisture, that have important :-mpacts on scil losses from individual rain
storms but which are currently ignored in the USLE and RUSLE, to be taken into
account. While soil erodibilities would need to be re-evaluated if EIzg is
replaced by this product, many of the algorithms and procedures for
determining the effect of other factors, such as vegetative cover and changes
in soil organic matter, that are currently part of the USLE and RUSLE could be
retained. Under these circumstances, the model could perhaps fill the void
between the USLE and WEPP models that will almost certainly exist in many

parts of the world as a result of the extensive data requirements of WEPP.
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Q
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(A) the relationship between f[h,r] and flow depth (h) resuliting from
applying Ecgs. 3.25 - 3.29 to the drop size data of Hairsine (1988) and

(B) the relationship between the wvalues of f[h,r] that resu.t from Egs.

3.25 - 3.29 and the ggr values obtained for the two soils used by

Hairsine when R=56 mm h™! and u=20 nm s~1.

Figure 4.1. 4.5
The relaticnship between flow depth and f[h,r]h_1 that results from the

data given in Fig.3.26A.
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Figure 4.2. 4.6
The effect of slope gradient on sediment concentrations in experiments

by Meyer and Harmon (1989) with 600mm long slopes.

Figure 4.3. 4.10
The relaticnship between fg and slope gradient for the 18 soils examined

by Liebenow et al. (1990).

Figure 4.4. 4.11
Bargraph of the relative values of kibest and Kjbest for the 18 soils
considered in Tables 4.1 and 4.2. The values shown for each parameter

are scaled so that a value of 1.0 is allocated to the maximum.

Figure 4.5. 4.12
The relaticnship between kjibest and Kjbest for the data given in Tables

4.1 and 4.2.

Figure 4.6. 4.16
ki and K; values calculated for the experiments of Elwell (1986, R=166

mm h'l) and when R=62 mm h~1l.

Figure 4.7. 4.17
Observed and predicted soil losses +A) and runoff volumes (B) for
different rainfall intensities under conditions associated the

experiments of Elwell (1986).

Figure 4.8. 4.22
Drop size distributions at the downstream end of the 500 mm by 500 mm

target area for Spraying Systems Veejet 80100 and Fulljet HH30WSQ

nozzles measured using a Distromet Distrometer. Nozzle height was 3.2 m

and the water pressures were 50 kPa and 30 kPa respectively.

Figure 4.9. 4.23
Sediment discharge rates (gggr) produced by the various rains in the
experiments with 0.2 mm sand when the nominal flow velocity was

40 mm s~1.

Figure 4.10. 4.25
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The relaticnship between the term qu/Ru and flow depth (h) for the

various rains in the experiments with 0.2 mm sand.
Figure 4.11.

The relationship between the observed values of kgflh,r] and those

predicted from Egs.3. 25-3.29 for 0.2 mm sand.
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experiments with soil monoliths.
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s
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Values of Ki and their cocefficients of variation (CV) obtained using
Egs. 4.4 and 4.5 with the data of Elliot et al. (1989) for the soils
used by Liebenow et al. (1990). The soils are ordered according to the
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Values of k1 and their coefficients of variation (CV) obtained using
Egs. 4.5 and 4.12 on the data of Elliot et al. (1989) for the soils used
by Liebenow et al. (1990). The values of kl are based on conventional
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and the clcsest containers. Row 4 is the row closest to the downstream

end of the target.

Table £.1. 5.8
Spatial variations in particle size distribution ( expressed proportions
of the total mass) and the protective effect of the DDL (H) produced by

the model in Appendix III
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Ratic of concentration of ith size class next to bed to

1

mean concentration over entire depth

B A coefficient (=b2k0’1)

Bg A coefficient dependent on d

X ratio of the terminal velocity of fall of a particle in water (vp)
to its average velocity of fall through a flow.

a Detachability coefficient

ag & coefficient influenced by soil characteristics

ap a for deposited layer

ay a for soil matrix

ay Either ap or ay

ap* Value of aD below critical flow depth (h*)

aj Coefficient

b A power

by Coefficient

b, Coefficient in Dpdt'pd to h relationship

bg a coefficient influenced by soil characteristics

b'y A coefficient dependent on d

c Sediment concentration

cy Sediment concentration of ith size class

Cr Sediment concentration produced by RIFT

Ce Fraction of soil unprotected from drop impact
d Drop size (mm)

d; Sediment deposition rate for Ith size class

Dpd Mass of p sized particles lifted by a d sized drop
pdz Mass of p sized particles lifted to height z by a d sized drop

DDL Dynamic depositional layer resulting from the need for storage
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flh,d]

f£[8s]

pd
k’d
kl

XXV

of material on the surface between drop impacts

Rainfall detachment rate for ith size class

Function accounting for the interaction between drop size
and flow depth (0-1)
Function accounting for the effect of slope gradient :n a
interrill erosion model
Frequency of impacts of drop size d within po—O..SxCz upstream
of a boundary
Dpd.M_to_Dpd.D ratio
Factor accounting for departures from f[S]1=S
Distance of drop fall

Spatially averaged impact frequency of d sized drops

Flow depth (mm)

Coefficient of protection of matrix soil by deposit

Flow depth for no RIFT projected for drop size d by linear

dqgr to h relationship

The critical flow depth where the depth of flow does not constrain

the height to which particles are lifted

Number of sediment size classes

Coefficient in relationship between T and R

Constant in linear Dpdt'pd to h relationship

Constant influenced by d

Coefficient varying with part:cle size

Coefficient dependent on soil properties

Coefficient depending on kg and a number cf other fac:ors
Constant dependent on particle and drop size

Factor accounting for drop size contributions to k'pd

Factor accounting for particle size contributions to k'pd
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z

Pm

max

pD

dso

9soD

9soM

dsr
Qw

Loss of sand relative to loss at position 17
Mean of L

Length of a plane surface

Mass of particles lifted to height =z

Number of drop sizes

Variable in summation equation

X power in e; to R relationship

particle size (mm)

Drop momentum

Peak pressure exerted at the point on the bed below the
centre of a drop impact

Proportion of p sized particles in DDL

Proportion of p sized particles in soil matrix

Rain induced discharge per unit area

ate sediment transported by flow across a unit width

of a boundary

Mass of material transported across the downstream boundary

of an element

Mass of material from DDL transported across the downstream
boundary of an element

Mass of material soil matrix transported across the downstream
boundary of an element

q. for sediment transported by RIFT

s
Rate at which water is discharged across a unit width

of a boundary

Rainfall intensity
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Pz

pd

xxvii

Intensity of rain of drop size d

Sediment entrainment rate for ith size class

Slope gradient

Rate at which sediment is trarsported across a boundary
Rate at which splash transports sediment across a boundary
Rate at which bed load is trarsported across a boundary
Rate at which rain-impacted flow transports sediment
across a boundary

Rate at which suspended load is transported across

a boundary

Rate at which RIFT transports sediment across a boundary
Time p sized particle remains suspended following
disturbance by a drop impact

Time p sized particle remains suspended after being lifted
to a height =z

Average time p sized particle remains suspended following

disturbance by a drop impact

Flow velocity

Mean fall velocity in water fcr particles in size class 1
Fall velocity in water for particles of size p

Fall velocity in air for drops of size d

A power in the relationship between T and R

Width of flow

Parameter related to stress applied by impacting drop
Critical value of X below which particles are not lifted

into the flow by a drop impact
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X Distance
Xeyg Diameter
X Distance
xpz Distance

of particle cloud at height =z
travelled by a particle of size p

travelled by a particle of size p lifted to height =z

X’pd Average distance travelled by a particle of size p disturbed

by the impact of a d sized drop

z Height from bed
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H ap + (1-H) ay
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Mp, [p,dl = Fg Xpz Dpgz Wt
6 Rd sz Dpdz Wf
MDZ [p,d]l = 3
T d
[ Rd th u Dpdz Wf
MDZ [pld] =
n 43
6 Rd t'pd u Dpd Wf
My [p,d]
n d3
('zh
l (th Dpdz) dz
Jo
t'pd =
Dpd
[ Rd t'pd u Dpd
qu [Prd] =
r d3
q, = hu
dgr [p,dl] 6 Ry t'pq Ppd
cg [pP/dl = — ——— =
o x d3h
6 Rd t'pd Dpd
cy (d) =

m d3 h
Dpd = H'Dpd.D + (1_H)Dpd.M

dsr (P1d) = Fq x'pg Dpg

dsrlp,dl © a3

Dpgt'pa =
6 Rdu
crlp,dl = a3 n
Dpat'pd =
6 Rg
43-48

Dpdt 'pd = ajg
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Dpdt'pd =0
bl = 9,59 1

Dpdt'pd = k

.372 nbi

og1g(d) - 10.29

0(1 - Bh)

Dpdt'pCl = ]{0 - b2h
by
B = —
kg

B = 0.175 - 0.0260 d
log kg = -0.507 - 0.616 log p + 2.24 log d
log kg = -1.301 - 0.465 log Vp + 2.24 log d
kg = 2.67vg - 8.07
B =0.197 - 0.0118vy
B =0.0852 - 0.00442vy
log kg = 7.543 - 0.4652 log Vo + 0.7025 log pp
B =0.1104 - 0.001166 pp

15

> (Lp-%pp)

n=1
x'p =

Ly
Dpdt'pcl = k'pd (l - fjdh)
Dpdt'pd = k'pk'd (1 - Bgh)
6 Rq u k'pk'd[l - Bdh]
dsgr [p,d] =
r 43
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Cr

dsr

flh

Bg =0.3119 - 0.0507d
dgr(prd]
kg f[h,d] =
R u
h, = 1.747€8 + 2.88237 log(d)
kgf[h,d] = h exp[5.7975 - 0.1881h]
kgflh,d] = h exp[5.7975 - 0.188lh, - b'gy(h - hg)]
b'qy = exp((0.76649 - 0.48251 d]
N
% (f[h,dIRg)
n=1
f[h,r] =
N
> (Rg) n
n=1
qgrls, rl
ks =
R u f[h,r]
Di = Ki R2 Sf
Sg = 1.05 - 0.85 exp {-4 sin (0)}
_ -1
Dj = gsr Lx
9srR
K. = —
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dsr = 9w Cr

crls,rl = kg R £[h,r] h71
dsr = kg Gy R £lh,r] h71

dsr = k1 9w R £[S]

dsr
fo = — _

k1RSqy,

£, = 0.259 + 0.000049 (1.197[90-51,

Cr
fo = — )
kle

Sp, = 277.18 - 149.16D,g, + 19.41D, , ?
0 = 9.02 + 0.918D, . - 1.2385D,,2

dsr
- = ksf[s,r]

Ru
qso[p] = qsoD[p] + qsoM[p]
dsep Pl = H PpD kp R u f[h,r] W¢
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XK1V

f[s]

I
o]
+
o2

S (5.4)

£[8]

exp (ag + bgs) (5.5)
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