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Abstract: A mathematical model to adequately predict complex mixing characteristics of serptive pollutants in natuial streams

with pools-and-nffles has been developed. In the model, sorption of pollutants onto the bed sediment as well as mass storage

and exchange n the storage zones were incorporated o one-dimensioual mass balance equations The geometric and hydrau-

lic charactleristics of the poolriffle sequences wete properly conceptualized. Simulations with parameters of pool-and-rifflc

slrcams better fil the measured data in overall shape and peak concentration than simulations with parameters for uniform chmn-

nels. The analyses on the characteristics of the storage zone model parameters reveal that a linear relationship between the log-

rithm of the storage zone volume ratio and a function of the fretion factor exists. A linear relationship might also be tentitively

assumed between the loganthm of the dimensioniess mass exchange cocflicien! and the logarithin of the aspect ratio of the

storage zone L some of the hgh valucs of the dimensionless mas exchange coclficieni collected on the swecessive bed forms

are cxcluded.
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1, INTRODUCTION

The flow and mixing characteristics in real
streams are substantially different from those
that are observed in yniform channels. Bound-
ary geometry of natural streams is not smooth
and regular and ecach irregularity contributes to
mixing of pollutants. Variations in streambed
geometry such as pool and riffle structure,
which are important features of natural streams
(Leopold et al., 1964), play important roles in
affecting flow and mixing characteristics of the
releasc of pollutants into the channel. Pools are
characterized by deep, slow-moving water,

whereas riffles are generally shallow and rap-

idly moving. A typical bed profile of a pool-
riffle sequence is concave in the pool and con-
vex 1 the riffle region. Leopold et al. (1964)
concluded that an alternating pool-rifile se-
guence is present in practically all perennial
channels in which the bed material is larger than
coarse sand. They also found that finer materials
are found in the pools, while larger particles are
found m riffles. Moreover, within the riffles
themselves a sorting of particle sizes take place,
with larger materials on top.

Pool-riffle sequences arc present in straight
and meandering channels. In both instances,
deep and shallow areas are spaced more or less

regularly with pools occurring at a repeating
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distance of approximately 3 to 7 channel widths
{(Leopold ef al., 1964). This generalization is
supported by field data collected by Stall and
Yang (1972), and Singh and Broeren (1985).
The pool-ritfle sequences are believed to be
closely correlated with the meandering nature of
a river (Henderson, [966). Meanders represent
the river's lateral deviation from a straight
course, whereas undulating deep and shallow
areas of the pool-rifile sequence can be corre-
lated with the vertical deviations. The same
mechanism is thought to play a role in both
processes (Yang, 1971), Seo and Maxwell
(1992) reported that flow through the pool-riffle
sequences gives rise to repetition of the contrac-
tions and expansions. The flow over the pool-
riffle sequences is highly non-uniform and
complex, causing the formation of large storage
zones with recirculating flow oriented in a hori-
zontal plane in the pools. Therefore, the result-
ing storage mechanism for the water and tracer
changes the dispersion characteristics of a solute
in natural streams which contain pools-and-
riffles,

Tn patural streams with pools-and-ritfles,
slow movements of water and sediment in the
pool region enhance sorption onto the relatively
immobile bed sediment and thus constitutes a
major control on solute transport (Bencala,
1983), Therefore, in natural channels in which
pollutants have the opportunity for repeated
contact with bed materials and irregularities and
unevenness caused by pools and riffles create
storage zones, pollutant transport is determined
by a combination of physical and chemical
processes. Among the physical processes, tran-
sient storage and exchange mechanisms are im-
portant along with mean flow advection and
shear flow dispersion, while, for the case of
chemical processes, sorption and desorption
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mechanisms constitute major 1ssues. Several
investigators including Bencala (1983), Bencala
(1984), Bencala e af. (1990), Broshears et al.
{1993}, and Chapra and Runkel (1999} investi-
gated the interactions of solute and streambed
sediment in small mountain streams. They in-
corporated transient storage and sorption proc-
esses into their solute transport model. However,
even though they were successful in explaining
the complex solute transport processes occur-
ring in natural streams, most of their model pa-
ramelers mcluding those represeniing the stor-
age mechanisms were determined by fitting
model simulations to field experimental data.
Furthermore, the characteristics of pool-riffle
sequences, which have major effects on the
transient storage and sorption processes in small
natural streams, were not given adequate con-
sidcration in their model.

The objective of the present study was to de-
velop a mathematical model to adequately pre-
dict the complex mixing characteristics of sorp-
tive pollutants in natural streams that contain
pools-and-riffles. In the proposed model, geo-
metric and hydraulic characteristics of the pool-
riffle sequences were more adequately concep-
tualized. Dhspersion data from stream experi-
ments were used 1o test and verify the proposed
mathematical model. An equation for the esti-
mation of the important model parameters was
proposed.

2. MATHEMATICAL MODEL

2.1 Conceptualization

In this model, a typical cross section is as-
sumed to consist of two distinct zones, a flow
zone and a storage zone, as shown in Fig. 1. In
the flow zone, the dominant mass transport
mechanisms are longitudinal advection and dis-

persion. The storage zones are assumed to be
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Fig. 1. Schematic Diagram of the Simplified Pool-Riffle Sequences

regions having vortex or recirculating flow and
having mass interchange with the main flow
across the interface between the flow and the
storage zones. In natural streams with pools-
and-riffles, in addition to large-scale turbulent
eddies generated by major irregularities includ-
ing pools and riffles, dunes, side pockets, small
scale eddies which are located behind flow ob-
structions such as cobble, small boulders as well
as interstices of a streambed, consisting of
gravel and sand, also contribute to the creation
of the storage zones so that the total volume of
storage zoncs tends to be greater, compared 1o
artificial storage zones used in experiments in
laboratory channels (Tsai and Holley, 1979; Seo
and Maxwell, 1992). The storage zones serve 1o
retain a portion of the solute ag the main cloud
passes, and the solute is then slowly released
back into the flow zone. Among several concep-
tually different physical models for the transient
storage of mass in the storage zone (Jackman et
al., 1984), the exchange model assumes a dif-
ferent uniform concentration in each zone. Mass
transfer at the interface between the zones is
considered to be proportional to differences 1n
the concentrations of each zone.

In this model, sorption which accounts for

binding of the dissolved pollutant molecules or
ions to the bed sediment and desorption which
accounts for the relcase of solute back mto the
water column of the stream has been considered
using a first-order mass transfer model amongst
several different kinetic equations (Bencala et
al., 1983). Binding forces for sorption are van
der Waals' forces m the case of molecules and
electrostatic forces in the case of ions. The lar-
ger the total solid particle surface area, the
greater becomes the sorption effect, i.c., a small
particle size enhances the sorption effect. In
general, the sediment particles on which sorp-
tion of toxic components occurs may be either
organic or inorganic, i.e. suspended and bed
sediment along with biota or benthos. However,
in this study emphasis is on the sorption mecha-
nisms of toxic heavy metals to inorganic bed
sediments.

Laboratory experiments and field observa-
tions in pool-and-riffle streams (Bencala ef al,,
1983; Seo and Maxwell, 1992) show that the
parameters most likely to spatially vary are the
slorage zone submodel parameters and sorption
submodel parameters, as well as flow depth and
velocity. These values could be considerably
different m pools vis-a-vis 1iffle sections. There-
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fore, in this model, generalized geometric and
hydraulic characteristics of the pool-riffle se-
quences as shown in Fig. | were incorporated.
Even though, in reality, the typical structure of
the pool-riffle sequence has been reported as a
full three-dimensional feature, pool-riffle se-
quences are simplified so as to be two-dimen-
sional and symmetrical in this model.

2.2 Governing Equations

The equations describing the mathematical
model are derived using conservation of mass.
The mass balance equation in the flow zone for
steady flow is

ac ac
A i v

[4,1{£]—
ax
CB—CJ
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8

A
Pk(C—S)+Afk{,_;pf/1j(k;
in which 4; = the cross-sectional area of the
flow zone (m°); C = the concentration of mass
in the flow zone (mg/l); U, = the flow zone ve-
locity which is equal to the discharge divided by
the flow zone area (m/s); K = dispersion coeffi-
cient (m%/s); P = the wetted contact length be-
tween the flow zone and the storage zone in the
transverse or vertical direction (m); k= the mass
exchange coefficient (m/s); S = the concentra-
tion of mass in the storage zone (mg/l}; k, = the
distribution coefficient (ml/g); p, = accessible
sediment density in the flow zone which ig the
mass of the sediment on the streambed which is
n effective contact with a given volume of wa-
ter in the stream {g/m); Ay= first-order rate co-
efficient for sorption/ desorption in the flow
zone (1/s); Cy = the sorbate concentration on the
streambed sediment of flow zone streambed
sediment (g/g); x = the direction of the mean
flow (m); and 7 = tume (). Basically, Eq. (1} has
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the same form as the one suggested by Bencala
{1984) except terms of lateral inflow and ex-
change between hyporheic zone are neglected.
The role of the hyporheic zone where stream
water and shallow groundwater mix and ex-
change together was well investigated by many
researchers including Harvey et af. (1996),
Wagner and Harvey (1997), Harvey and Fuller
(1998), and others.

A mass balance equation describing the con-
centration of sorbed pollutants on the flow zone
streambed sediment is

8C,

8
B = —24(Cy ~kiC) @)

A mass balance equation describing concen-
tration of dissolved solutes in the storage zone is

As%= PE(C-S)+ Askdps,zs(kisg 4} (3
P :

d

in which A4, = the cross-sectional area of the
storage zonc perpendicular to the general flow
direction (m’); p, = the accessible sediment den-
sity in the storage zone (g/m’); A, = the firsi-
order rate coefficient for sorption/ desorption in
the storage zone (1/s); and 55 = the sorbate con-
centration of the sediment associated with the
storage zone (g/g). A mass balance equation
describing the concentration of sorbed pollut-
ants on the storage zone sediment is

oC
B -3, (Sp—kaS) (4)
ot

The sorption model as a chemical submode
used in this study is a kmetic first-order mass
transfer model. This model relates the rate of
change of concentration of the element which is
sorbed on the sediment to the difference be-
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tween the concentration of that element and its
potential equilibrium concentration in the
stream. In this submodel, the distribution coeffi-
cient k&, which relates partitioning of the con-
taminant between the liquid and solid phases at
equilibrium, is assumed to be conmstant. This
assumption, the so called linear sorption iso-
therm, is simple and widely used for the study
of sorption kinetic mechanisms (Bencala er al.,

1983).

2.3 Initial and Boundary Conditions

If the pollutant is relcased with constant con-
centration for a limited period, the initial condi-
tions for the Dirichlet-type are

C(x0)=0 (5)

cO,n=C, O<tsr ©
Ci0,e) =0, t>7

in which C, = the initial concentration injected;

7 = the period of injection. The Dirichlet-type

boundary conditions for an infinite domain are

Cldo,3=0 N

If the pollutant is initially released into only
the flow zone so that no concentration in the
storage zone cxists, the initial condition of

Dirichlet-type for the storage zone 1s
5(x.0y=0 (®)

The initial and boundary conditions for the
sorbate on the sediment associated with both ihe
flow and storage zones are obtained under the
assumption that the pollutant 1s initially released
into only the water column of the flow zone so

that there 1s no concentration in the sorbate on

the sediment associated with both the flow and
storage zones. For the sorbate on the sediment
of the flow zone, this assumption results in:

Cy(x01=0 9

For the sorbate on the sediment of the storage

zone, this assumption results in:

8,(x.00=0 (10)

2.4 Numerical Modeling

An analytical solution of the piven sets of
governing equations (Egs. (1)-(4)) correspond-
ing to the initial and boundary conditions (Eqs.
{5)-(10)) was not available because of the non-
uniform parameters and the existence of the
mass cxchange term and sorption term in the
equation. Given sets of the working equations
consist of four cquations, which describe cou-
pled solute transport in the flow zone, sorption
onto the flow zone streambed sediment, solute
transport and sorption in the storage zone, and
sorption onto the storage zome scdiment. The
equations which describe the mass balance of
the solute in two zones are interrelated by the
mass exchange term modeling the storage proc-
esses. The cquations which describe the mass
balance of the sorbate on the sediment in each
zone are coupled direcily to the equations de-
scribing mass balance of the solute in each zone.
In this study, a combined procedure for the ana-
lytical solution of one of the sorbate equations
and the iteration method for the numerical solu-
tion of the remaining three equations was used
to solve complex scts of coupled working equa-
tions. Tn this model, the analytical solution of
sorbate concentration at the storage zone was
obtained as
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A typical detailed procedure is as follows:
First, Eqg. (11}, the analytical solution of Sz was
inseried into Eq. (3) to reduce one unknown
dependent variable. Second, an estimated value
of ' was used in numerically solving Egs. (2)-
(3) to obtain Cy and S. Then, Sy is obtained us-
ing Eq. (11) in which § is numerically integrated
using the simple trapezoidal rule. Eq. (1) was
then solved to obtain C with the known values
of Cy and S. This process was iterated until the
differences between computed and estimated
concentrations of ¢ were within the specified
tolerance, The general flow chart of this proce-
dure is shown in Fig. 2. For the second stage of
solution procedure, among the various types of
numerical schemes tested by Seo (1990), the
finite difference method developed by Stone
and Brian (1963) was selected in order to solve
the remaming three equations. This method,
based on the Crank-Nicolson implicit approach,
was well described by Seo and Maxwell (1992).
Runket and Chapra (1993} also discussed details
of the implicit finite difference technique based
on the Crank-Nicolson method to solve the tran-
sient storage equations for solute transport.

3. MODEL APPLICATIONS

3.1 Stream Data

The numerical model developed in this study
was used to simulate the solute transport in a
mountain pool-and-riffle strcam. Of the several
sets of field data for solute transport experi-
ments in small natural streams collected by U.S.
Geological Survey, the Uvas Creek data
(Avanzino ef al., 1984) was selected because
thig data set contains relatively accurate hydrau-
lic data as well as tracer concentration data. As
shown in Fig. 3, Uvas Creek is a small stream
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located on the eastern slopes of the Santa Cruz
roountains in California, U.S.A. The experiment
was conducted the in late summer during a pe-
riod of low flow (@ = 0.0125 m’/s). Strontium
tracer, used as a sorptive pollutant, was injected
at a constant rate for three hours and reached a
maximum concentration of 1.73 mg/l a short
distance below the injection point. Background
concentration was determined to be 0.13 mg/l.
In addition to the intense monitoring of in-
stream concentration, some of the sorbed stron-
tium concentrations on bed sediments were

measured at x = 105 and 281 m.

Read Input Data

| Compute Numerncal Faramelers |

¥
\ Equalion of & |1—| Analy Sol. of 8§#

Fig. 2. The General Flow Chart of Computational
Procedure
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Fig. 3. Experimental Reach of Uvas Creek (After Avanzino et al., 1984)

The channel is highly irregular and is com-
posed of alternating pools and riffles. Analyzing
the detailed map of the study reach of Uvas
Creek (Bencala and Walters, 1983), it is found
that the pool frequency ranges mostly 6 to 7
channel widths which falls into the typical range
of that of the natural pool-riffle sequences stud-
ied by other investigators (Leopold et al., 1964).
Thus, in the model sirulations of the Uwvas
Creek, as shown in Fig, 1, the channel reach is
assumed to consist of sequences of pools-and-
riffles which can be divided into three sections,
i.e., pools, riffles, and transition areas in-
between. The pool-riffle sequences are assumed
to be repeated with pool frequency of 6 channel
width throughout the whole reach of the Uvas
Creek.

As discussed in the previous section, flow
depth, velocity, storage zone submodel parame-
ters and some of the sorption submodel parame-
ters are most likely to be different in pool versus
riffle sections. The nonuniform hydraulic pa-
rameters, such as the flow depth and the storage
zone volume ratio, & which is defined as the
ratio of storage zone volume to the main flow

volumes, equal to 4,/4 when the channel width
Is uniform, were considered to have single con-
stant valnes at the pool and riffle, and then to
vary in a lincar fashion through the transition
between the pool and the riffle. The mass ex-
change coefficient and accessible mass density
were also considered to follow the above
assumption. Seo (1990), based on his experi-
ments on the mixing characteristics of the pool-
riffle sequences, maintained that the storage
zone volume ratio and the mass exchange coef-
ficient at the pool are usually higher than those
at the riffle. The dispersion cocfficient, sorption
rate coefficient, and distribution coefficient
were assumed to be constant throughout the
entire reach regardiess of pool or riffle sections.
The model parameters used for simulation are
presented in Table 1. All the sorption parame-
ters except accessible mass density were se-
lected from independently-decided values by
measurements (Bencala et af., 1983). The dis-
persion coefficient was estimated using the pre-
dictive equation proposed by Seo and Cheong
(1998), and storage zone paramcters were esti-
mated by empirical relationships, which will
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Table 1. Summary of the Model Parameters used in the Simulation

Length K R k Ky Pr Py ;{f Ag
(m)  (ms) m's)  (mlfg) (gm?) (g/m’) (1/s) (1/5)
Pool 8 049  12x107 0.14x10°  0.14x10°
Riffle 4 035  02x107 0.04x10%  0.14x10°
Transition 4 linearly  linearly lmea.arly hnc?rly
vaned varied varied varied
Average 0.21 043 086x10° 700 0.09x10°  0.09x10° 03x10"  0.48x107
24 — -
g o) X=38m ) X=105m
i) L o observed data
g amijabon with
H variable paramiers
% (K¢ ~~ grmulahon with
] pufonn papmilers
g
g 05

Solule Concentraticon (nag/l)

¢1=281m

d1 X=433m

Tine (hr)

Time (br}

Fig. 4. The Solute Concentration-Time Curves of Model Simulations and Experiments Data

be discussed later.

These values of the model parameters were
chosen in such way to give better fit the meas-
ure data.

3.2 Simulation Results

Comparisons of the concentration-time
curves of the model simulations with those ob-
tained in the stream experiments are depicted in
Fig. 4. In general, in overall shape, the concen-
tration-time curves given by the numerical
model give an excellent fit to the measured con-
centration-time curves. The tails of the concen-
tration-time curves of the model simulations are

quite close to those measured for the concentra-
tion-time curves. The model also predicts the
elapsed times to peak concentration very accu-
rately, In Fig. 4, concentrations are compared
for simulations with variable parameters for
pool and riffle sections and parametets of uni-
form channel which are the average values of
parameters of the pool-and-riftle sequences. In
overall shape and peak concentration, simula-
tions with variable parameters of pool-and-riffle
streams provide a better fit for the measured
data than simulations with parameters of uni-
form channel. These data demonstrate the dif
ferences between solute transport in pool-and-
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Fig, 5. The Sorbate Concentration-Time Curves of Model Simulations and Experiments Data

riffle streams versus in uniform channels.

In addition to comparisons of dissolved solute
concen tration, the concentrations of sorbate in
the sediment were also compared for simula-
tions with variable parameters and uniform
parameters, These comparisons are depicted in
Fig. 5. Both simulation results show moderate
agreement with the measured sorbate concentra-
tions for sediments of two different sizes in time
to peak and in the persistence of the tails.

Simulations with variable parameters of pool-
and-riffle streams show a better fit to the meas-
ured data.

4. ESTIMATION OF MODEL
PARAMETERS

4.1 Calculation of Model Parameters

Among the model parameters, storage zone
submodel parameters, i.e., storage zone volume
ratio and mass exchange coefficient are the most
impaortant factors affecting solute transport proc-

processes in small natural streams with pools-
and-riffles. Values of storage zone submodel
para-meters estimated in this study are com-
pared with parameters obtained in the previous
studies in Table 2. Model parameters shown in
this table were determined using various moth-
ods, obtained by different researchers. In this
table, £* represents the dimensionless mass ex-
change coefficient, i* = kU,

As shown in Table 2, the value of the storage
zone volume ratio of the natural streams shows
wide variation, ranging from 0.01 to 3.0. This
might be due to the widely varying characteris-
tics of the natural streams from the standpoint of
storage capacity of solute, and also due 1o
uncertainties arising from the different methods
of parameter calculation. The dimensionless
mass exchange coefficient, &* measured in a
laboratory flume ranges between 0.01 ~ 0.12
whereas &* wvalues obtained in the natural
streams ranges between 0.0003 ~ 0.006.
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Table 2. Summary of the Storage Zone Submode! Parameters

Channel Type Method B £ k*

Hays et al. (1967) laboratory flume AT N/A 0.013-0.116
Thackston and Schnelle (1970} natural stream AS 0.009-0.063 N/A
Day (1973) patural stream AR 0.068-0.18 N/A
Westrich (1976) laboratory flume AS N/A 0.013-0.020
Valentine and Wood (1979) laboratory flume AS N/A 0.014-0.026
Petersen (1977) nafural stream MM7 0.008-0.255 N/A
Nordin and Troutman (1980) natural stream MM 0.025-0 056 N/A
Czernuszenko et al. (1998) natural stream MM 0.007-0,100 N/A
Tsai and Holley (1979) laberatory flume EM™ N/A 0.016-0.096
Seo and Maxwell (1992) laboratory flume EM 043-0.63 0.023-0.076
Bencala (1983) natural stream NSY 0.33-3.0 0.00089
Bencala (1984} natural stream NS 03325 0.00567
Beneala et al. (1990) natural stream NS 0.036-0.79 0.00048
Broshears ef al, (1993) natural stream NS 0.42-1.8 0.00030
This study natural] stream NS 0.35-0.49 0.00375

[) Parameters are determined by comparing the concentration curve of analytical solutions to the measurced cai-
centration curve

2) Paramcters are determined by comparing moment values computed by Aris' {1956) mornent equation with the
moments calculated directly from the measured concentration curve

3) Parameters are determinced independently using the experimental data

4) Parameters are determined by comparing the concentration curve of numerical solutions to the measured con-
centration curve

4.2 Storage Zone Volume Ratio ;e S[U* Jz

For fully rough flow conditions, Henderson
(1966) maintained that, sfnce the flow resistance
is entirely due to form drag on projections, the
resistance is dependent only on the ratio of sur-
face roughness to flow depth. As explained pre-
viously, since the storage zone could be thought
of as an aggregation of various irregolarities and
roughness of the streani, it can be related to the
coefficient of the surface roughness, such as
Darcy-Weisbach friction factor, /. Thackston
and Schnelle (1970), by best-fiiting a power-
form equation to field data collected in the natu-
ral streams, suggested a predictive equation for
£ as a function of f as

£=00152+0.8972% a2)

i which f= Darcy-Weisbach friction factor that
ig defined as

(13

in which [/*= shear velocity (m/s); / = cross-
sectional average velocity (m/s). Fig. 6 shows
the relation between the storage zone volhume
ratio & and the function of friction factor f. This
figure is a revision of a figure which appeared in
the report of Bencala and Walters (1983) and
includes additional data points. As shown in this
figure, a clear linear relationship between the
logarithm of the storage zone volume ratio and a
function of the friclion factor exists. However,
the equation suggested by Thackston and
Schenelle (1970), Eq. (12), does not explain the
eral tendency of the measured data. Therefore,
in this study, new predictive equation for the
storage zone volume ratio is proposed by best-
fitting to the data as
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Fig. 6. The Relation between the Storage Zone Yolume Ratio and the Function of Friction Fa cfor

£= 0.73767(]1[ 0'936} (14)

v

Based upon the relation shown in Fig. 6 and
Eq. (14), it might be concluded that in small
mountain streams, such as Uvas Creek, exam-
ined in this study and by Bencala (1983), and
Little Lost Man Creek studied by Bencala
(1984), the total flow resistance aftributed to
small scale flow obstructions as well as large-
scale channel irregularities, such as pool-riffle
sequences, which usually generate the large
storage zones with recirculating flow oriented in
a horizontal plane in the pools, are quite large

compared to those of medium-to-large rivers.

4.3 Mass Exchange Coefficient

In general, the mass exchange coefficient de-
pends on the flow and fluid characteristics and
geometric characteristics of storage zones. Us-
ing dimensional analysis, a functional relation-
ship between dimensionless terms can be de-
rived as

v UH
k*ﬁiwﬂ[_f f Kﬁ_i,gj] (15)

Ur Jer v Hd'd

in which v, / Jg? = the Froude number;
UsH/v = the Reynolds number; v = kinematic
fluid viscosity (m?/s); W/H = width-to-depth
ratio of the channel; = the channel width (m);
Hid = flow-zone depth-to-storage-zone depth
ratio; o = storage-zone depth (m); £./d = length-
to-depth ratio of the storage zone; and I = stor-
age-zone length (m); and 8, = the shape factor
accounfing for other geometric characteristics
for the storage zones.

For fully turbulent flow in rough open chan-
nels, such as natural streams, the effect of the
Reynolds number is negligible. If the Froude
number is sufficiently small it can also he ne-
glected. If it is further assumed that the channel
aspect ratio, A7l 15 not a significant parameter,
Eq. (15) can be reduced to

o (H LD
k ffg[d,d.sfj (16)
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Fig. 7. The Relation between the Dimensionless Mass Exchange Coefficient and the Aspect Ratio of the Storage Zone

The complete identification of the effects of
each dimensionless parameter in Eq. (16} on the
k* values would require a significant amount of
experimental data for various types of storage
zones. However, only limited data are available
for some of the parameters in Eg. {16).

In Fig. 7, the dimensionless mass exchange
coefficient 1s plotted against the aspect ratio of
the slorage zone, L/d. In this figure, Hays ef al.
{1967), Westrich (1976) and Valentine and
Wood {1979) conducied their experiments in a
laboratory flume with a rectangular pockets,
whereas Tsai and Holley (1979} collected their
data on a laboratory flume with various types of
storage zones, recessed cubical boxes, strips
across flume bed, and two-dimensional dunes.
Data by Seo and Maxwell (1992) was collected
wsing a simplified model of pool-and-riffle se-
quences in a laboratory flume. From Fig. 7, if
the high valnes of £* collected by Tsat and Hol-
ley (1979) and Seo and Maxwell (1992) on the
successive bed forms are excluded, a linear rela-
tionship might be assumed between the loga-
tithms of &* and L/d.

In Fig 7, the higher &* values collected by
Tsar and Holley (1979} and Seo and Maxwell
(1992) where sequences of dunes or pools and
riffles exist could be due to higher turbulence
resulting from flow over a series of large-scale
channel rregulanties. The deviations from the
linear relationship between the logarithms of &%
and L/d might also be explained as the result of
influences of other parameters, such as shape
factor and the flow-zone depth-to-storage-zone
depth ratio, which are included in Eq. (16).
Since the £* value determined for Uvas Creek in
this study is significantly low, based on the lin-
ear relation as shown in Fig. 7, it could be con-
cluded that the value of Z/d of the most of stor-
age zones existed in the Uvas creek might be
very low. This suggests that in small mountain
streams with cobbles and gravel on the strearn
bed, such as Uvas creck, small scale recirculat-
ing zones located behind flow obstructions such
as cobbles, small boulders and/or interstices of
the strearnbed are major contributing factors to
the transient storage of solute compared with the

large-scale recirculaling zones generated by
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major channel irregularities, such as pool-riffle

sequences, of medium-to-large rivers.
5. CONCLUSIONS

In this study, a mathematical model to ade-
quately predict complex mixing characteristics
of sorptive pollutants in natural streams with
pools-and-riffles has been developed. In this
model, geometric and hydraulic characteristics
of the pool-riffle sequences were properly con-
ceptnalized. A comparison between measured
and predicted concentration curves by the nu-
merical model shows that a good level of
agreement exisls m the general shape, peak con-
centration and time to peak. Simulations with
variable parameters of pool-and-riffle streams
better fit the measured data in overall shape and
peak concentration than simulations with pa-
rameters of uniform channels. Simulation re-
sults also show moderate agreement with meas-
ured sorbate data of sediment of two different
sizes in time to peak and in the persistence of
the tails.

The relation between the ratio of storage zone
volume to the main flow volume and the fune-
tion of friction factor was examined using avail-
able data. It is suggested that a linear relation-
ship between the logarithm of the storage zone
volume ratio and a function of the Darcy-
Weisbach friction factor f exists. A linear rela-
tionship might also be tentatively assumed be-
tween the logarithm of the dimensionless mass
exchange coefficient and the logarithm of (he
aspect ratio of the storage zone.
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