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. ABSTRACT

Empirical formulas were developed to determine the total rate of sediment transport in Alluvial
channels in term of hydraulic parameters, sediment properties and the bed undulation. Based on the
data collected by Brownlie[2], a multiple regression analyses were made to develop the equations
for predicting the rate of sediment transport. A comparison study has been made between the
developed equations and the formulas suggested by DuBoy[6], Shields[15], Mayer - Peter -
Muller{10], Kalinske[8], Ackers and White[1], Englund and Hansen[7], Parker[13], Karim and
Kenndy[9], Yang - Molinas[18], Swamee[17] and Brownlie[3]. The analysis showed that the obtained
equations in the present study give more accurate results for the cases of bed covered by ripples,
plane bed and antidunes.

Keywords:  Rate of sediment transport, Bed Load, Suspended load, ripples - dunes - transition - plane bed -

antidunes.
Notations
B bed width (m) S.F. shape factor
C; sediment concentration T» dimensionless bed shear stress
ds; median diameter (mm) Ts, dimensionless critical shear stress
d dimensionless grain diameter (mm) \% average flow velocity (m/sec)
Fgg mobility number . Us shear velocity (m/sec)
Fr  Froude number u«, critical shear velocity (m/sec)
g gravitational acceleration (m/sec?) Y average depth of flow (m)
Ly meander width (m) 0% specific weight of fluid (l:/m )
Ly; meander length (m) vs  specific weight of sedlment (t/m?)
M Karmer’s uniformity coefficient v kinematic viscosity (cm?/sec)
n Manning’s roughness coefficient (m ' sec) Og geometric standard dcvxanon of bed mixture
ng  Strickler’s coefﬁcnent for grain roughness T average shear stress (t/m )
q unit discharge (m /sec/m) T, critical shear stress (t/m )
q, bed load discharge in weight per unit time and
unit width (Kg/sec/m) INTRODUCTION
q¢s suspended load discharge in per weight unit
time and unit width (Kg/sec/m) One of the most important aspect of fluvial
- qg total sediment load in weight per unit time processes is the motion of sediment in nvers, to
and unit width (Kg/sec/m) which river bed degradation and agradation are
gy dimensionless total sediment load closely related. This problem has attracted many
R hydraulic radius (m) investigators in the last five decades who developed
Re. grain Reynolds number numerous equations to predict the rate of sediment
S energy slope transport. There are big discrepancies between the
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results of the most of the well known equations.

Therefore, the selection of the appropnate sediment

transport formula is very difficult. The suitability of

a formula must be judged by the assumption used in

the development of the formula and the range of

data collected for calibration and verification.

The equations predicting the rate of sediment

transport were based on three approaches:

i- Shear stress approach:- In this approach the rate
of sediment transport is mainly a function of the
bed shear stress "7" and the critical shear stress
of the bed sediment "7.".DuBoy[6], Shields[15],
Mayer Peter-Muller[10],Parker[13] and
Swamee[17] used this approach to develop their
formulas.

ii- Power approach:- The rate of sediment transport
is a function of energy expenditure per unit
weight of water which is defined as the product
of average velocity "V" by the energy slope "S".
Englund-Hansen[7] and Ackers-White[1] used
this approach to form their equations.

iii- Parametric approach:- For which the rate of
sediment transport is a function of flow
parameters and sediment parameters such as
mean velocity, depth of flow, mean sediment
size, water temperature and geometric standard
deviation. Colby produced graphs to compute
the sediment discharge using this approach.

Nakato[11] -tested several formulas used for
predicting the rate of sediment transport and he
demonstrated the difficulty of using such formulation
predict sediment discharges in natural rivers. He
found that the prediction of bed load would have
been much worse in most cases had depth predictors
been used instead of the measured values.
Swamee and Ojho[17] developed empirical equations
for bed load and suspended load transport rate
taking into their consideration the effect of sediment
mixture nonuniformity which was neglected by most
of popular sediment formulas. Their formula for total
load is illustrated in appendix I and the accuracy of
this formula is tested in the present study.

Ceballos [5] studied bed load equations and he

rearranged these formulas so that it can take the

following general form:

q, = ¢,c,(T, - T, )%, (1)

C 260

Where qy is the rate of sediment transported as bed
load ,Ts and T., are the dimensionless Shields
diameter and the dimensionless critical shear stress,
ds; is the median diameter of the bed mixtures, and
¢y, ¢, and c3 are constants vary according to the
formula used. He concluded that Smart[16]
coefficients for bed load formula provide good
estimates For Gilbert and Mayer-Peter-Muller data.

The aim of this study is to obtain equations to
determine the total rate of sediment transport
covering a wide range of sediment data and flow
conditions.

DIMENSIONAL ANALYSIS

The rate of sediment transport is affected by
sediment properties, flow conditions and the
geometry of the alluvial stream. The sediment
properties are the median diameter of the bed
mixture "dsy", the uniformity of the grain size
distribution  which can be expressed by the
geometric standard deviation of bed mixture g, and

is defined as /dg, /d, 5,4, the submerged specific
gravity of sediment "(ygy)" , the fall' velocity of
sediment "w", critical shear stress of bed mixture "7,
and the shape of sediment particles which is
normally expressed by the shape factor "S.F.". The

shape factor is defined as a/\/—b_c where "a" is the
shortest diameter of the grain particles, "b" is the
longest diameter of the particle and "c" is the
diameter of the particle perpendicular to "b". The
rate of sediment transport increases with the
decrease of sediment diameter, the submerged
specific weight of sediments, critical shear stress and
the fall velocity of sediment particles, while it is
proportion to the shape factor and the geometric
standard deviation. The flow conditions affecting the
rate of sediment transport are characterized by the
depth of flow "Y", the longitudinal channel slope "S",
channel width "B", the kinematic viscosity "y", the
average velocity of flow and the resistance of flow.
Since the rate of sediment transport .is normally
defined as the dry weight or.volume of sediment
passing a certain section per unit time and unit
width (i.e. the average rate of sediment transport per
unit width), the effect of bed width will not be
considered in this study. However Carson and
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| Griffith[4] found that the rate of sediment transport
decreases with the increase of bed width. Osman
and Thorne [12] came to the same conclusion for the
effect of bed width on the rate of sediment transport
because bank erosion is a major source of supply of
bed material.

The flow resistance is divided into skin friction
due to the roughness of sediment particles forming
the bed and the friction due to the bed undulation.
The skin friction due to grains can be characterized
by any representative size of bed mixture particles
for example the size of "dgy" as proposed by Mayer
Peter and Muller[10] or "dg," according to Einstein.
In this study the median diameter "ds;" is taken to
characterize the grain friction.

The way of which sediments are transported is
greatly affected by the type of bed forms. For bed
covered with ripples the transported sediment are
mainly bed load, while for transition and bed
covered with antidunes most of the transported
sediments are in suspension. Therefore, the
equations for sediment transport differs according to
the type of bed form. So it is very essential to
develop an equation for sediment transport for each
type of bed forms.

The rate of sediment transport is also affected by
channel shape in plane such as channel bends or
meanders. The existence of meanders decreases the
rate of sediment transport. Meanders can be
characterized by the meander length "L),", which
denotes the longitudinal distance between
corresponding points on two consecutive loops of
fully developed meanders, and meander belt "Lg",
which is defined as the distance between lines
drawn tangential to the extreme limits of fully
developed meander loop.

According to the foregoing analysis the rate of
sediment transport "q" can be expressed as follows:

qS = f(dg’ (’YS-‘Y)' o'gbw’ S-F- rTc; V’ KB;S;V‘
LyyLp, 8) ¢

The application of the 7 - theorem on equation (2),
leads to the following equation:

q._=fRe_,T,,T‘c,—X—,os,Eé,S.F.,Fr,-L—B— 3)
v

ds L

Alexandria Engineering Journal, Vol. 35, No. 5, September 1996

is the dimensionless rate of
Y, V2ds

sediment transport, Re, =

Where g =

is the grain
u,dg, g

v
. %
Reynolds number, T, , T,, = ——————is the
(Y; ~ ¥)dy

dimensionless average shear stress and the crtical

shear stress of the median diameter, us = /gRSis
the shear velocity, 7 = RS is the average shear

is channel Froude number.

stress and Fr =
2%

The ratio of Ly to Ly express the curvature of the

meander which equals zero for straight channel and

greater than zero for meanders. The Function of

equation (3) will be determined for each type of

channel bed forms.

SEDIMENT TRANSPORT DATA

A complete reliable data for rate of sediment
transport and other dimensionless parameters given
in equation (3) is very important to determine its
function. Unfortunately, there is no data relating the
rate of sediment transport with the shape factor of
grains and with the curvature of alluvial channels.
The data used in the present study was collected by
Brownlie[2] it consists of 7027 records (5263
laboratory records and 1764 field records). Each
record consists of 10 basic parameters. These
parameters are discharge "Q" in liter/sec, channel
width "B" in meters, average depth "Y" in meters,
energy slope "S", median particle size "dsy" in
millimeter, geometric standard deviation "g," grain
specific gravity "y," in ton/m>, the concentration of
sediment load "C." in part per million (ppm) and the
condition of bed. Not all observation parameters are
available to Brownlie and he was not certain of some
of them. In the present study only records
containing complete and reliable data were used.
The sum of the utilized records is 975 records. The

. value of the fall velocity for each record is calculated

using Rubey’s [14] formula which is expressed as
follows:
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36v? | 2(v,-v)d 6y

4
&2 3p d “)

3

The value of the critical shear stress for each record

is computed using Shields diagram for incipient
motion. The collected data was divided according to
the condition of bed form into bed covered with:- i-
ripples, ii- dunes, iii- transition, iv- plane bed and v-
antidunes. The number of complete records and the
range of each parameter is given in Table (I).

Table I. Ranges of the collected data for each type of bed undulations.

Bed No. of | Median diameter (mm) | Depth of water (m) Energy slope
condition records doin d oy Y in Y ax Simin B
Ripple 137 0.110 0.620 0.152 0.853 1.400x10* | 1.52x10°
Dunes 586 0.100 4.376 0.151 4.260 5.830x10™ | 5.77x10
Transition 71 0.150 1.349 0.151 3.627 1.058x107* | 14.6x10
Plane bed | 115 0.083 1.349 0.155 5.290 6.300x10° | 7.9x10
Antidunes 66 0.100 1.350 0.150 0.457 1.100x107 | 23.8x10~

EQUATIONS FOR SEDIMENT TRANSPORT

The way in which sediments is transported differs
according to the condition of bed undulation. For
alluvial channel bed covered with ripples sediment
are transported by rolling over the upstream face of
the nipple and then falls over the downstream face.
Once the particle lyes on the downstream face it
does not move tll it exposed in the upstream part of
the nipple. Suspended load in rippled bed is rarely
found in nature. Applying a multiple regression
analysis on the data collected for npples, the
following equation is obtained:-

T o 0‘668F15'603 225
q.-0313 LT (l) )

0476, 0.627
6, Re, (dso

g
" The correlation coefficient of equation (5) is 0.878
and the average standard error of estimate equals
0.695. The plot of actual records for dimensionless
rate of sediment transport "q " versus the estimated
dimensionless rate of sediment transport is given by
Figure (1). According to equation (5) the
dimensionless rate of sediment transport increases
with the increase of Froude number, the difference
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between the dimensionless average bed shear stress
and the dimensionless critical shear and also
increases with the increase of the ratio of the water
depth to the median diameter of the bed mixture.
While it decreases with the increase of grain
Reynolds: number and the geometric standard
deviation of bed mixture. The relationships. between
both the grain Reynolds number and the difference
between dimensionless average and critical shear
stress versus the dimensionless records of the rate of
sediment transport are given by Figures (2) and (3),
respectively. The effect fall velocity i1s disappeared
from equation (5) because no sediment will be
“transported in suspension.

For the case of bed covered with dunes, the height
of bed undulation exceeds the laminar sublayer,
some of sediments will be transported in suspension
but most of the transported sediments are bed load.
Based on the collected data for bed covered with
dunes, a multiple regression analysis has been made
to derive the following empirical equation:-

1246
) ©

: 0.946
! 0461, 08471 Y
q,,=14.03(T, -T‘c)" TR 193 o, Re, (—-] (

v

0dy
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Figure 1. Plot of estimated of dimensionless total
rate of sediment transport obtained from equation (5)
versus the actual values for case of rippled bed.
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Figure 2. Variation of grain reynolds number with
the dimensionless total rate of sediment transport in
case of bed covered ripples.

The correlation coefficient of equation (6) equals
0.912 and the average standard error of estimate
equals 0.466. Figure (4) shows a plot of estimated
dimensionless rate of sediment transport versus the
actual records. Equation (6) shows that for case of
dunnéd bed the dimensionless rate of sediment
transport increases with the increase of
dimensionless bed shear stress, grain Reynolds
number, geometric standard deviation, Froude
number and the ratio of depth of flow to the median
diameter. While it decreases with the increase of
grains fall velocity. Since part of the shear stress is
required to overcome the resistance of bed
undulation which is greater for dunned bed than bed
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covered with ripples, therefore the power of the (T, -

Ty,) is less in case of dunned bed than in nippled
bed. The varation of the difference between
dimensionless bed shear stress and the critical shear
stress of bed mixture versus the dimensionless rate
of sediment transport is given by Figure (5).
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Figure 3. Relationship between actual

dimensionless total rate of sediment transport and
the difference between the dimensionless average
shear stress and the dimensionless critical shear
stress for rippled bed.
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Figure 4. Plot of actual values of the total
dimensionless rate of transport versus the estimated
total rate of sediment transport determined from
equation (6).
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Figure 5. Variation of the actual dimensionless rate
of sediment transport with difference between the
dimensionless shear stress and the cntical shear
stress of the bed mixture for dunned bed.

For the case of transition bed, the wave length of
dunes increases while its amplitude decreases. In
this condition the bed roughness is less than in case
for dunned bed. Applying a multiple regression
analysis on the collected data to determine the
function of equation (3), the following equation is
obtained:

q,,=5.193

i e

(T‘—T_c)“'“‘Frz"‘o:‘% Y 0.946 v
dso

0.2
) @)

The correlation coefficient of equation (7) is 0.987
and the average standard error of estimate equals
0.397. Figure (6) shows a plot between estimated
dimensionless rate of sediment transport versus the
actual records for bed transition bed. The exponent
of the value (T - T, is greater in case of transition
bed than in case of dunned and rippled bed because
the flow resistance in case of transition bed is less
than in the other two cases. Equation (7) shows that
the rate of sediment transport is inversely proportion
to the grain Reynolds number and the grain fall
velocity while it increases with the increase of bed

294
Re?2

shear stress, Froude number and geometric standard

deviation of bed mixture.

For the case of plane bed where all bed
undulations are washed out and most of transported
sediment are suspended load, the best empirical
equation that fit the collected data for plane bed is
expressed as follows:-
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Figure 6. Plot of estimated values of the total |
dimensionless rate off sediment transport determined
from equation (7) versus the actual records for
transition bed.

The correlation coefficient of equation (8) equals
0.812 and the average standard error of estimate is
0.635. The relationship between the estimated
values obtained from equation (8) and the actual
records of dimensionless rate of sediment transport
is shown by Figure (7). Equation (8) shows that the |
effect of the critical shear stress of the bed material
is less than in equations 5, 6 and 7 (the power of the
term TwT., is minimum) because most of
sediments are gone to suspension. The relationship
between the term "(T«-Tw)/Ts," and the
dimensionless rate of sediment transport is shown in
Figure (8). It is obvious from Figure (8) that the
effect of T, is insignificant when the value of "(T,-
T /T " 1s greater than 60.

For the case of bed covered with antidunes which
probably occurs at Froude number greater than 0.8
(i.e. high flow velocity) most of the transported
sediments are transported as suspended load. Using
the collected data for this condition and applying the |
a multiple regression analysis the following empirical
equation is obtained:

Fr 1'33R52m

22210 o \1S2 o)
(T.-T., y0317 022 (E;) (K&;J

q,, =0.00015
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Figure 7. Plot of estimated values of the total
dimensionless rate of sediment transport determined
from equation (8) versus the actual records for plane
bed.
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Figure 8. Variation of the relative dimensionless
shear stress Ta/Tx.-1 versus the actual records
dimensionless rate of sediment transport for the case
of plane bed.

The correlation coefficient of equation (9) equals
0.91 and the average standard error of estimate
equals 0.474. The plot of estimated dimensionless
rate of sediment transport obtained from equation (9)
versus the actual records of the dimensionless rate of
sediment - transport is shown in Figure (9). In this
condition the dimensionless rate of sediment
transport is inversely proportion with the difference
between the  dimensionless bed and critical shear
stress. The value of the dimensionless rate of
sediment transport increases with the increase of
grain Reynolds number and Froude number.

According to the foregoing analysis, the equations
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expressing the rate of sediment transport can be
written in general form as follow:
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Figure 9. Plot of the estimated values of the total
dimensionless rate of sediment transport determined
from equation (9) versus the actual records for the
condition of bed covered with antidunes.

alreBrr 1 e ¥ PpeEoF(@4)CpE
q,.=A[Re,(T,-T,) E;) Fr oz( . ) T,.
Where A, B, C, D, E, F, G and H are constants their
values depend on the bed form conditions.
The values of the constants is illustrated in Table II.

(10)

COMPARATIVE STUDY BETWEEN
SEDIMENT TRANSPORT FORMULAS

A comparison between the equations predicting the
rate of sediment transport obtained in the present
study and equations of sediment transport developed
by DuBoy [6], Shields [15], Mayer - Peter - Muller
[10], Kalinske[8], Acker and White [1], Englund and
Hansen [7], Parker [13], Karim and Kenndy [9],
Yang - Molinas [18], Swamee [17] and Brownlie [3]
has been made. The equations presented by these
authors are illustrated in appendix (I). The
comparative study has been made by applying the
equations deduced in the present study and the
equations developed by the afore-mentioned authors
on the data collected by Brownlie[2].
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“+ ‘Table II. Constants of equations (10).

==Ripples Dunes Transition Bed Plane bed Antidunes
A 0.313 14.03 5.193 ‘ 586.653 0.00015
B -0.627 0.847 -0.294 2.492 2.203
C 0.668 0.317 0.865 0.096 -0.317
D 2.25 0.946 0.946 -0.047 2.221
E 5.603 1.93 2.58 -0.088 133
F -0.476 0.461 1.26 -0.29 -0.2
G 0 -1.246 -0.2 -2.37 -1.524
H 0 0 0 -0.096 0
Table II1. Values of the average error of estimate.
Average error of estimate
Pres. Duboy Mayer Shiclds Kalinske Englund Ackers Brownli Yang Kennedy Swamee
study Peter
Ripples | 0.69 | 1.73 | 0.75 | 2449 | 26.14 | 1.69 1.38 1.86 | 2.28 | 0.85 1.01
Dunes | 047 | 0.76 | 0.88 | 5.01 | 3.39 | 0.57 1.23 | 042 | 063 | 0.79 | 0.66
Transition| 0.38 | 0.84 | 090 | 5.12 5.44 044 | 0.89 0.58 0.69 0.73 | 0.78
Plane | 037 | 090 | 095 | 284 | 1.13 | 056 | 098 | 0.34 | 030 | 0.67 | 0.83
Antidune | 037 | 092 | 0.89 | 4.13 | 0.82 | 0.52 1.46 | 041 0.77 | 0.69 | 0.61

The percentage average standard error of estimate
for each type of bed condition are calculated and
presented in Table (III). It is found that the
equations developed in the present study produce
minimum values of the average standard error of
estimate except for the case of dunned and plane
bed where Brownlie’s formula gives almost the
same values (as shown by Figure (10) and Table
III). Yang formula gives the best estimate of the
total rate of sediment transport for the case of plane
bed.

In order to compare the accuracy of the equations
deduced in the present study with the equations
developed by the afore-mentioned authors, the
percentage number of records having values of
estimated error less than 5%, 10% , 25% and 50% is
introduced, which is defined as follows:

% No. of records having error less than p% =
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= No. of records having errors less than p% 100
Total No. of records

Where the error is calculated as follows:

I(qs)actual B (qs)em'mated

(9,) sctuat

Figures (11) and (12) show a comparison between
the present study and the other equations in respect
to the percentage number of records having error
less than 5, 10, 25 and 50%. It has been found that
the equations developed in the present study give
higher number of accurate records than the other
equations. This means that these equations can be
fairly used to determine a better rough estimate of
the rate of sediment transport than the other
formulas.
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Figure 10. Comparison between the percentage
error of estimate calculated using different formulas
and that computed by the equations 5,6,7,8,9.
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Figure 11. Comparison between the values of the %
number of records having average errors less than 5,
10, 25 and 50% obtained using the equations
developed in this study and other formulas for bed
conditions i-ripples, ii-dunes and 1ii transition bed.
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Figure 12. Comparison between the values of the %
number of records having average errors less than 5,
10, 25 and 50% obtained using the equations
developed in this study and other formulas for bed
conditions iv-plane bed and v-antidunes.

CONCLUSIONS

The selection of the appropriate formula to
determine the rate of sediment transport is very
difficult because each sediment formula is based on
a certain range of hydraulic condition and sediment
properties. The analyses of the manner at which
sediments are transported yields to the following
conclusions:

1- The type of bed undulations plays an important
roll for determining the rate of sediment
transport.

2- For the range of collected data illustrated in table
I, the total rate of sediment transport can be
estimated using equations 5, 6, 7, 8 and 9 for
rippled, dunned, transition, plane and antiduned
bed, respectively.
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3- The empirical equations developed in the present
study give a better rough estimate for the rate of
sediment transport than the other formulas
mentioned in this study.

4- The rate of sediment transport increases with the
increase of the difference between the bed shear
stress and the crtical shear stress of the bed
mixture and also increases with the increase of
the ratio between average water depth to the
median diameter.

5- For the case of bed covered with ripples and the
case of transition bed the rate of sediment
transport decreases with the increase of both of
grain Reynolds number and grain fall velocity.

6- The effect of shape factor and the stream
variation in plan on determining the rate of
sediment transport is recommended to be studied
in future to increase the validity and the accuracy
of the equation of sediment transport.
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APPENDIX I

Du-Boy’s formula [6]

qp = Cyr(r -7, )

017 | 3 . . i
Where C, = e (m”/Kg/sec), q;, is the bed load in kg/sec/m and 7 and 7 are the average and the critical
d
. shear stress of the bed mixture in kg/m2

Shields formula [15]

-1 T -t

Y,4S (v, - v)d

In which q is the unit discharge or the discharge per unit width of the channel.
Mayer - Peter - Muller formula [10]

q,,(Ys-Y)”’(l)w 0.25
¥ g) (y,-v)d

312
=(§) _YRS o047
n) (y,-v)d

11)

Where n is Manning’s coefficient and n, = -%6—/; where dg in meters
dgo
Kalinske formula [8]
Kalinske used the experimental data to draw the relationship between the bed load and the ratio of the
average shear stress to the critical shear stress of bed mixture. This relation is defined in'the present study

by applying the least square method on the points of his sediment load curve The relationship is expressed
as follows:

Y, du, T

c

- fz(—‘—] (12)

6 5 4 3 2
=-o.o75(l) +o.1s73(l) +o.3236(1) -2.84(5—J +5.848(1) —5.569(l]+2.33

rc TC tc tc tc rc

Engelund - Hansen formula [7]

c;o.os( L ) L =2 (13)

Yo~ 1) [y, -1)gdI"? (v, -1)d
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Where C; is the sediment concentration by weight (C; = q.B/Q)

Ackers - White formula [1]

d( v\*(F "
G ot (X] (J - 1) (14)
Rilu A

*

Where F " the mobility number which is defined as follows:

u, l‘ A\ 1-n

F =
¢ gd(y, - DI IOR)

(15)
5.657 log(T

In which ¢, n A and m are coefficients depend on the values of the dimensionless grain diamcter dg which

. 1/3
is equal to d M
\’3
The values of the coefficients ¢, n, A and m are given in table III
Coefficient d& > 60 60 = dg .,

c 0.025 |[log c = 2.86 log d,, - (log d,)* -3.53
n 0 1-0.56 log dg
A 0.17 0.23/(dg)”2 + 0.14
m 1.5 9.66/dg + 1.34

Parker et al. formula [13]
YyYS
0.0875(y, - 1)d

the rate of sediment transport is expressed as follows:

Parker devéloped a dimensionless parameter ¢ = . For ¢ greater than 95 and less thgﬁ 1.65

(v,-1aq,

=0. 142(¢-1)-9. -1)? 16
Ysu, 0.0025exp| 14.2(¢-1)-9.28 (¢ - 1)?] (16)

for ¢ greater than 1.65 the rate of sediment transport is expressed as follows:

(17)
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Yang and Molinas formula [18]

wd u,
logC, =5.165 -0.153 log—v— -0.297 log—;

(18)
u
+[l.78 -03610g 24 -0.48 1og—1-ga]1og[§)
v ome ®
Brownlie formula [3]
0.5293 11.978 0.3301
c:s =9021-82 V _ 4-596T:) o SO.6601 [2_52) (19)

Karim and Kennedy formula [9]

A\

y8ly,-1d

~—-q—‘———=o.00151{
Je(y,-1d’

BIST o n .84
* *C (20)
y8ly,-1d

Swamee and Ojha [17]

s 12 1
% _|[(o8pe, voow| (0871Y 0016 |\ ea] (0339 T
d\/('Ys - 1)d M de”’ \ TfM/(8M2+l)
% _|[0073Y | ) as]( 0567 | [(0477Y |\ ias 0538 T
dy/(y, - 1)gd M MO \ M TfM/(7M“25 + 1)

Where M is Karmer uniformity coefficient and can be related to the geometric standard deviation as follows;

M=MU@M%+UM
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