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Abstract. The present study aims at the evaluation of sourceg/et quantitative results from relevant models are expected.
of uncertainty in modelling of heat transport in a river causedIn other words, time constraints and lack of information re-
by the discharge coming from a cooling system of a de-quire that the EIA must rely exclusively on expert skills and
signed gas-stem power plant. This study was a part of ampinions. Moreover, planning of additional measuring cam-
Environmental Impact Assessment and was based on twopaigns during EIA may become impossible within the given
dimensional modelling of temperature distribution in an ac-time. Therefore, the discussion of the usefulness of the ob-
tual river. The problems with the proper description of the tained results is of crucial importance. The authors aim to
computational domain, velocity field and hydraulic charac- share their experience in the use of an up-to-date model on
teristics were considered in the work. An in-depth discussionthe spread of a warm water jet in a river in the light of scarcity
on the methods of evaluation of the dispersion coefficients inof proper data. It is quite a common practice that profes-
the model comprising of all four components of the disper-sionals gain personal experience, particularly with respect
sion tensor was carried out. It was shown that in natural riverdo the models developed by themselves. Usually they have
all components of a dispersion tensor should be taken into acgood knowledge on how their parameters and boundary con-
count to qualitatively reflect the proper shape of temperatureditions should be assigned to yield satisfactory results, and
distributions. The results considerably depend on the 2-D veat the same time they realise that their model may fail under
locity field as well as hydraulic and morphometric charac- some circumstances. Evaluation of such circumstances con-
teristics of the flow. Numerical methods and their influence stitute, in fact, an empirical estimate of the uncertainty of the
on the final results of computations were also discussed. Alsimulated results.
computations were based upon a real case study performed Beven(20073 claims that in non-ideal cases (i.e., nearly
in Vistula River in Poland. all real applications) non-statistical (epistemic) uncertainties
may dominate. They are e.g., bias and nonstationarity in in-
put errors, model structural errors and commensurability er-
rors (where a variable or parameter in a model is differ-
1 Introduction ent to an equivalent quantity that can be measured in the
field). In practice, it is almost impossible to separate differ-
A prerequisite for the construction of a new industrial plant ent sources of aleatory (statistical) and epistemic uncertain-
is an Environmental Impact Assessment (EIA), understoodies unless very strong assumptions are magwg€n 2007k
as a formal process used to predict the environmental congeyen et al. 201)). Nevertheless, assessing the sources of
sequences of any development project. In case of gas-stefincertainty with respect to the processes under study is cru-
power plants, as part of the EIA, one needs to evaluate thig| for the analysis (e.gCatari et al. 2011 Hughes et aJ.
impacts caused by heated water discharged into a river. It i§01]). Only a few sources of uncertainty, but those which
rather obvious that the credibility of the computations per-sjgnificantly influence the results, will be studied herein. It

formed within EIA depends strongly on the available data.js by no means a formal uncertainty analysis — even simple
In practice, however, such data is often of limited reliability,
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goodness-of-fit criteria cannot be applied because no obdepth-averaged heat transfer models are releRuodi(et al,
served values are at our disposal to compare with the pre1981; Seo et al.201Q Szymkiewicz 2010:
dicted dependent variables. In uncertainty analysis there are T 1)
obviously other possibilities, for example, with use of Monte i (x) ———~ = V (h(x)D(x) - VT (x, 1))
Carlo-type simulations that are capable of predicting model dt
output variability from a large number of deterministic model V@) - T, 0) +q06. 0; (1)
runs, with input variables sampled from appropriate distri-\yhere: —time,x = (x, y) - position vector7 (x, ¢) — depth-
butions (e.gKochanek and Tynar201Q Scharffer_]berg and  averaged water temperatuteyx) — local river depthp(x) —
Kavvas 2011 Shen et al.2012. The question arises, how- gepth-averaged velocity vectdd(x) — heat dispersion ten-
ever, as to which distributions would be appropriate for theger, 4 (x, 1) — source function describing additional heating
particular case considered. Moreover, the computational expr cooling processes. This equation represents the temper-
pense of multiple model runs would definitely be too high.  atyre change in time due to heat flows: that is heat carried
One source of uncertainty is insufficient knowledge of the yith average velocity, carried by velocity fluctuations (tur-
analysed phenomena. In addition, we have to consider errorgjent heat conduction), transmitted by the deviation of ve-
introduced by the models used in the calculations, which alyqcity and temperature across the depth (dispersion of heat)
ways simplify the described phenomena. For various reasongng heat flows to and from sinks and sources, respectively.
these models cannot take into account all the variables con- The dispersion tensor that appears in the equation due
trolling the phenomena, and usually simplifications are mad&q the depth-averaging represents an additional, significant
to make the problem practically solvable. Possible numericatyansport mechanism, which is not a physical process, but
errors caused by the applied numerical algorithms have to b1y a consequence of averaging of the equation. By anal-
considered as well. o _ogy with the turbulent heat exchange, it is assumed that dis-
The analysis of extreme cases, in which the natural envipersjon flow is proportional to the average temperature gra-
ronment is endangered most, is very often considered in ElAyient Rowinski, 2002 Rutherford 1994). This proportion-
as the worst-case scenario, in other words, as the worst pejity is determined by the so-called dispersion coefficients
formance among all spenarios that could be ger!erated. (Dyx» Dyy, Dy, Dyy). Itis worth noting that similar molec-
_ The present study is based on a case study aimed at builgyar and turbulent heat conduction coefficients are several or-
ing scenarios of the spread of heated water discharged frorers of magnitude smaller than the dispersion coefficients.
a designed gas-stem power plant on the Vistula River beysyajly the molecular coefficients are omitted and the tur-
low Wioctawek town Kalinowska et al.2012). Such heated  pyjent ones are either omitted or included in the dispersion
water constitutes an environmental problem in many situayensor.
tions and, therefore, is often called thermal pollution. Itis  pepth-averaging results in model simplifications. Water
usually a side effect of power plants operations, chemical inyn the rivers is usually well-mixed and the temperature is
dustries and other hydraulic engineering facilities using wa-nearly uniform from surface to bottomAfan, 1995, but
ter from rivers and open channels in the cooling process. Weevertheless we should always remember that some vari-
encountered a number of problems significantly influencingations caused by external factors (e.g., surface water tem-
the credibility of the results, which motivated us to share thispyeratyre exchange with the atmosphere, groundwater, etc.)
experience with the readers. In the study, a two-dimensionafnay occur. Sources and sinks of heat energy may play an
temperature field resulting from a warm water discharge wasmportant role in Eq. 1), but in the case considered herein
sought. we lacked information on these components. They embrace
the exchange with the atmosphere and with the groundwater
through e.g., shortwave and longwave radiation, latent heat
2 Mathematical model of heat transport transport, ground heat flux, etc. To some extent we may as-
sume that these additional terms affect both the heated water
When developing models there is always a trade-off betweerynq the ambient water in more or less the same way, and
retaining greater detail of the processes under study and desince we are interested in the difference between the temper-
riving tractable equations. Inevitably, some details are sim-atres in the river and in the warm water jet, the source term
plified in, or even excluded from, the models used in prac-may pe neglected in the computations. But this simplifica-
tice. Although, in general, the temperature distribution in tjon js definitely a potential source of error that may arise in
rivers should be described by the three-dimensional (3-Dl;omputations. On the other hand, inclusion of this term with

heat transport equation, its reductions to two (2-D) or evenguessed values could introduce more serious errors.
one dimension (1-D) are considered in practice. The main

obstacles to use a 3-D approach is the lack of knowledge
of the realistic detailed 3-D velocity field and high compu-
tational expense. In the so-called mid-field region (stretch-
ing down the river until complete lateral mixing occurs) the
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3 Solution to 2-D heat transport equation 3.2 Geometry

To solve the heat transport equation described in the previThe first problem is encountered already at the level of the
ous section, we need to know: the geometry of the river, thegefinition of the computational domain. This is a well-known
two-dimensional velocity field, the boundary and initial con- pr0b|em in hydrau"c Computations, but the prob|em is not of-
ditions, the full dispersion tensor, and if we want to include ten revealed by modellers when they publicise their results.
any additional sources (e.g., temperature exchange with thg is worth noting that characterisation of the computational
atmosphere), substantial additional information is requireddomain for natural rivers is a type of art even in 1-D situa-
(like meteorological data). We may encounter serious probtjons when the 1-D velocity field is the main concern of the
lems in the process of data collection and acquisition whichmodeller (see e.dRowinski et al, 2005h.
frequently lead to simplifications affecting, to some extent, A particular problem in this study was related to an insuf-
the final solutions. When solving typical academic problemsficient number of measured cross-sections, which required
(especially in laboratory), one usually tries to gather all nec-special interpolation procedures to be used to generate con-
essary data and consider all possible processes which affegecutive transverse depth profiles for the model. Assuming
the solution. In real situations when dealing with EIA, such that cross-sections were carefully chosen accounting for all
an approach is often practically impossible. Measurementshe critical points (like river bends, dunes, river narrowness,
of potentially necessary data are usually limited due to timeetc.), which obviously is not always the case, the bathymetry
constraints, huge costs and many technical restrictions. Reand the computational grid can be described mathematically.
cently Piotrowski et al.(201]) have analysed methods for |n the considered case 21 cross-sections of the Vistula River
analysis of the fate of pollutants over long distances (far(between the 690.250 and 718.200 km of the Vistula River)
field) for applications in ungauged rivers, i.e., where little \ere available. The problem with them was that they were
hydraulic or morphometric data are available. In the presenineasured a relatively long time ago, namely in 1994. The
study, a different approach is proposed and it is limited todata obviously does not truly represent today’s situation. An
the mid-field only. However, the obtained solutions have er-example of the variation in the bed elevation during an earlier
rors that we should be aware of. We need to have in mincheriod (between 1971 and 1994) for a selected cross-section
what aspect is of crucial importance for the decision-makeris shown in Fig.1. This change is significant, being as large
requesting the EIA and, in this regard, it may be sufficientas 2m, and one may expect that equally significant changes
to show the possible range of the values of interest (and nogould have occurred after 1994 as well.
the precise numbers). Knowing the possible minimum, max-  Since some preliminary computations showed that the
imum and mean values we may be able to prepare realistignalysed stretch of the river may be reduced (transverse mix-
scenarios (including the most significant extreme cases). ing is faster than initially expected), only 9 cross-sections
Below are discussed some problems that may be encounyere used for the final calculations. The average distance be-
tered in the preparation of a scenario of the spread of heateflveen the cross-sections turned out to be as large as approx-
water discharge from a power plant. Various aspects from anmately one kilometre and obviously some of the variability
actual EIA study (selected for the purpose of illustration) arejn bed elevations was omitted.
considered herein. It is quite obvious that the number of the measured cross-
sections was too small for describing the shape of the river
channel adequately and, therefore, it was necessary to gen-
0(?rate a topographic map and to create (by interpolating pro-

This study is baseq upon the computat!ons of the spread cedures) additional cross-sections before the final bed profile
the heated water discharged from a designed gas-stem power

plant located near Wtoctawek town on the Vistula River. The and computaﬂongl grid were producgd. The two-dlmen5|onal
o : .~ computational grid and the bed profile were prepared using
variability of water temperature depending on four locations

of differently designed exit pipes was of particular interest the CCHEMESH generator developed by NCCHE — Na-

within the study. The water is supposed to be discharged witk%Ional Center for Computational Hydroscience and Engineer-

a constant flow rate of 14%s1 and a temperature that is Ing (Zhang 20053. This is a user-friendly mesh generator
7°C higher than the temperature of the ambient water. Th for generating structured quadrilateral meshes based on the

: . _bed topography and the bed elevation data. The grid was then
adopted water flow in the river was the averaged low-flow: used to calculate the velocity field by means of the CCHE2D
0=334nfs 1. This is a condition with almost minimum y y

model ¢hang 2005h, also developed by NCCHE. A dif-

dilution of the heated water discharge and, hence, the Iarge§erent type of grid was required by the River Mixing model

temperatures. The detailed description of the study area, th ivMix), developed by the authors, used to compute the

Qiscussion of the computations and final results may be fouaneRmpera:[ure distributiork@linowska a;nd Rowiski, 2009

in Kalinowska et al(2013). This is often the case when two different computational mod-
els are used. Then all necessary data have to be transformed
from the computational domain of one model to the domain

3.1 Problem considered
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Fig. 1. Selected cross-section of Vistula River with marked bed profiles in years 1971 and 1994. Significant changes at the bed profiles are
visible.

of the other one. This procedure should be performed careneighbourhood of the discharge (so-called near-field zone).
fully, because this is another stage where additional errord\ccording to the procedure proposedlirka and Weitbrecht
may be introduced. Proper interpolation procedures — Delau§2005), this initial distance in the considered case reaches
nay interpolationde Berg et al.2008 — were used to trans- about 75 m from the discharge site.

form the data in the analysed case from one computational

grid to the other. In this way, a number of grids with differ- 3 3 Velocity field

ent grid steps have been prepared. For the final computations

and analysis presented in the paper a grid with step sizes the knowledge of a relatively accurate two-dimensional ve-

Ax=Ay=10m was chosen. Such step sizes, together WItI']ocity field is a prerequisite to solve the two-dimensional heat

an appropriate choice of numerical method, gave us a fasttransport equation (Ed.). In reality we usually do not have

and sufficiently accurate solution in the considered situation.enou h measurements. especially when dealing with a 2-D
Figure 2 presents the resulting interpolated water depth on 9 €SP y 9

the chosen grid. case; therefore, it is necessary to model the velocity profile.

The water depths were computed for the selected diS:I'here are numerous software packages available, but never-

charge and water level elevation. It should be noted that an theless it is essential to bear in mind that the solution of the

. - omentum equations is not straightforward. It is necessary
change in these parameters would definitely affect the solu- . . . .
. ) i . . to know what kind of equations are solved in the applied
tions. In this case study, it was impossible to perform cal-

; . . software and what kind of numerical algorithms are being
culations for different ranges of possible water levels and ’ ;
used. Then we may have some expectations on the resulting

discharges and, therefore, it was assumed to be sufficient to

: errors. In the considered case the CCHE2D model — two-
carry out the calculations for a reasonably low water level to _. .
: N dimensional depth-averaged, unsteady turbulent open chan-
capture the environmentally most severe situation.

It is also important to note the limitations of the two- nel flow was usedAltinakar et al, 2005 Jia and Wang2001,

. ) . Ye and McCorquodalel997 Zhang 20058. The model is
dimensional model. Since 2-D depth-averaged models can : .

. -5 based on the depth-averaged Navier-Stokes equations. The
be only used after the complete vertical mixing occurs, we

cannot interpret any results in the initial stage in the directdenJliIS of the velocity field are given iKalinowska et al.
P y 9 (2012 and will not be discussed herein. However, one needs
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Fig. 2. The water depth for the considered reach of the Vistula River, Fig. 3. The velocity magnitude for the considered reach of the Vis-
computed for the averaged low-flow discharge. tula River, computed for the averaged low-flow discharge.

to remember that an accurate evaluation of the velocity fieldmay particularly be important when the source of the heated
is crucial for further computations and it is burdened with all water is located on the river bank and the difference between
the problems that turbulence modelling bring, such as choiceghe bank and the source temperature is large.

of the so-called closure hypotheses, etc. The resulting veloc- There are numerous ways of discharging the heated wa-

ity magnitude distribution is presented in F&y. ter to the river and finding those that minimise the environ-
mental impact is a key element of the EIA. Several options
3.4 |Initial and boundary conditions were analysed in the study, varying according to the location

and method of discharge: a continuous point-like discharge

The nature of differential equations means that one needthrough a single nozzle or a continuous distributed discharge
to know, a priori the initial and boundary conditions for the through a series of uniformly spaced nozzles along a straight
problem to be solved. In this study, an average natural riveiexit pipe. Four of those variants — two point-like at different
temperature of the considered area was taken as the initidbcations and two distributed with exit pipe lengths of 14 and
condition. It was assumed that the depth-averaged 2-D riveR8 m — were presented Kalinowska et al(2012).
temperature was the same within the entire domain area. We The numerical implementation of the discharge is again
do realise that in reality the river temperature may change ironly a poor approximation of the real conditions. Solving nu-
space or in time due to day-night or seasonal changes. Takinmerically the heat transport equation, the continuous solution
into account those changes would require yet more experidomain has to be replaced with a discrete domain and the line
mental data. Since we are interested in the water temperaturgegment pipe within the considered grid is represented by
distribution after the release of the heated water (more prediscrete points in the grid nodes located along the segment.
cisely: increase of the water temperature values), calculationtn case of the grid with steps of 10 m, the 14 m line segment
may be performed with regards to the relative temperaturds represented by just 2 points (located near the beginning
(AT) and may readily be scaled to the river temperature at aand the end of the segment) and the 28 m line segment is rep-
given time of a day or a season. resented by 3 points (near the beginning, the centre and the

In the considered case the continuous discharge og&nd of the segment). Such approximations are obviously a
14 s~1 of water heated by 7C in relation to ambient wa- major simplification. An additional serious simplification is
ter was assumed in the computations. It was assumed that thmeade in the process of calculation of the effective temper-
river bank had a temperature equal to the initial temperaturature () at a relevant discharge site. Since the single grid
of ambient water, and the boundary conditions were definectell of dimension ofAx by Ay is the smallest fragment of the
in a way such that the river water was not allowed to heat theiver that we can consider, it was assumed that in such sin-
bank, but the bank could possibly cool down the water. Suchgle cell surrounding the point of discharge the heated water
assumption was caused by the lack of information on themixed immediately with the river water. Taking into account
bank temperature, but could locally influence the results. Itthe volume of the river water and the heated water in the
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Table 1. The effective temperature in the single cell at the source 250 m from the discharge
in case of the point-like continuous discharge located at point & 2r
Z =(1850, 775) for different sizes of grid cell. — 180
<16
Ax=Ay[m] Tg[°C] 1.4
1 6.6 12t
5 5.3 1=
10 4.3 08—
25 2.7 0.6/
040
0.2

considered cell we calculated the effective temperature after %
the discharge based on a simple expression:

_ OwTw+ 077z

Te ; 2)

0 o
—1.8
where:Tyy — the temperature of the ambient watEf, — the 5 165
temperature of the discharged heated wadgy,— river flow 145
at the sourceQ, — heated water flow at the sourc@, — 1'2?,
the resultant (total, i.eQw + Q7) flow discharge. The river “E
flow discharge at a given point at the source was determined -
by the relationship: 0.8
0.6
Qw = hzvz Ax; (3) 04
0.2

where:hz —the water depth at the souree,— water velocity ob;‘g?'-'f

at the sourceAx — grid spacing. Simple calculations show
that the effective temperature obviously depends strongly on
the assumed grid spacing, and the effective temperature nag. 4. Distribution of temperatureXT’) in case of the point-like
urally tends to ?C when the grid size approaches zero (seecontinuous discharge in the middle of the channel along the cross-
Tablel). sections located about 250 and 500 m from the discharge point:

The above assumptions involve no loss of generality — they ~ With the proper method of the dispersion tensor computation;
influence the results of the computations mainly in the closeII — with simplified method in which the off-diagonal elements of

di f the disch locati that dispersion tensoDyy, and Dy, are omitted; lll — with simplified
surroundings ot the discharge location, an area tha Cannc}Ihethod in which dispersion coefficientgy and Dt are treated as a

be properly interpreted by the 2-D model anyway becausgector: 1v - with simplified method in which the diagonal elements
the processes here require a 3-D treatment. of dispersion tensob,, and Dy, are simply replaced by, and

) ) o D, the off-diagonal elements are treated as 0.
3.5 Dispersion coefficients

Dispersion coefficients controlling the rate of mixing are es-result in misleading concentration distributions revealed both
sential to solve Eqg.1) and at the same time their deter- in their shapes as well as the concentration values. In brief,

mination is extremely complex. In the general case usingthe proper way to obtain the full tensér is rotation of a
Cartesian coordinates the dispersion coefficients form a nondiagonal tensobp containing theD, and Dt coefficients:

diagonal dispersion tensor with four dispersion coefficients:

D = R(a) - Dp - R }); (5)
Dy D
D= xx Pxy ) 4 o
|:Dyx Dyyi| @ whereR = [cgs(x sma} — rotation matrixg — angle be-
sine CoSsu
Those four dispersion coefficients should be computed on L . D. 0
the basis of the so-called longitudin@| and transvers®t tween the flow direction and x-axigp = 0 Dt - There

dispersion coefficients. It is crucial to compute the disper-are several erroneous ways of simplifying the tensor, but they
sion tensoD in the proper way, otherwise unrealistic results usually boil down to somehow neglecting the off-diagonal
may easily be obtained. The authors in their earlier stud-componentsD,,, D,,. Figure4 presents the distribution of
ies Kalinowska and Rowiski 2008 Rowinhski and Kali-  the relative temperatur®T (the difference between the tem-
nowska 2006 presented how erroneous ways of simplifying perature of ambient water and the actual river temperature)
the treatment of the dispersion tensor often met in literaturejn case of the point-like continuous discharge in the middle
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of the channel along the cross-sections located ca. 250 anand flow conditions and they take into account different pro-
500 m from the discharge point. The results were obtainedccesses and different variables. For example, the formula pro-
for four different methods of computation of the dispersion posed byFischer(1967 considers the transverse turbulent
tensorD: using the proper method defined by E§) &nd  diffusion only. The formula was built for an artificial uni-
marked as I; using simplified methods marked as Il (theform and straight channel with constant depth. Other for-
off-diagonal elements of the dispersion tensor are omitted)mulae take into account both the transverse turbulent diffu-
Il (dispersion coefficientd), and Dt are treated as a vec- sion and the transverse dispersion. In the Rutherford formula
tor), and IV (the diagonal elements of dispersion ten3gy (Rutherford 19949 it is assumed that the dispersion effect is
and D,, are simply replaced by, and D1, and the off-  significantly larger than turbulent diffusion which is omitted.
diagonal elements are 0). The difference between the resultdote also other problems that should be tackled when using
can be easily observed. The increase of the temperature in thaese formulae. Some of them include, for example, geomet-
considered case in the middle of the channel is much biggerical parameters such as sinuosity index or curvature radius
(almost 3 times) when using the proper way of calculation ofof the channel. Those values are easily measurable in lab-
the dispersion tensor (1), which could be very important in oratory conditions, but in natural rivers their determination
case of an EIA. Also the mid-field zone is much larger in this may become extremely difficult and not unique. Meanders
case. In case of the simplified method 1V, the cloud of ther-and bends may change significantly from one section to an-
mal pollution is pushed to the left river bank. Detailed defi- other and then the values of the dispersion coefficients should
nition and analysis of the simplified methods can be found inalso change. Single values assumed for the whole river reach
Rowihski and Kalinowsk#20089. may introduce serious errors. Moreover, in practice the di-
Longitudinal and transverse dispersion coefficients dependision of the river reach into sections with constant sinuos-
on many factors related to the geometry of the channel, dyity may become intractable. The situation turns out to be not
namics and turbulence of the flow. Due to their significancemuch simpler when the mean river width or depth are taken
and difficulties associated with their determination these co-into account. In the considered case herein the average width
efficients are subject of many discussions in literature, butof the channel is about 400 m. The valuedxf coefficients
there are still a lot of questions and misconceptions concernebtained with use of the average river width are presented in
ing their values. The best way of estimating the dispersionFig.5in green. The geometry of the considered Vistula River
coefficients for the actual river is a tracer experiment, butreach is such that at some cross-sections the river narrows to
usually in practical applications — since such an experimenB800m or even to 200 m. Then the valuesi®f change and
is expensive and time consuming — impossible to be carriedhese changes are revealed through the width dependence of
out. Moreover, the practice shows that tracer tests are feathe various formulae (see Figblue and red bars).
sible in one-dimensional situations only and they allow for In case of the longitudinal dispersion coefficidnt, the
the determination of just the longitudinal dispersion coeffi- number of formulae presented in literature is extremely large.
cients Deng et al. 2001, 2002 Guymer 1998 Kumar and  Wallis and Mansori2004) review and discuss many of them.
Dalal, 2010 Rowinski et al, 2008 Sukhodolov et a).1998. Numerous and successful attempts pertain also to other meth-
In cases when such tracer tests are not available, reliable estvds like, for example, artificial intelligence methods allow-
mation of dispersion coefficients becomes extremely difficulting to estimate this coefficient on the basis of the known
and can be a source of large uncertainty. Universal formu-hydraulic parameters (see eashefipour et al.2002 Pi-
lae for these coefficients have been sought in many researabtrowski et al, 2011 2006 Rowinski et al, 2005¢ Tayfur
centres and they are usually related to the known hydrauli@and Singh2005.
parameters, such as averaged déepthvidth B and velocity It turns out that the differences between the values of the
U, shear velocityU, and the channel sinuosityor the ra-  obtainedD,, with use of different methods or expressions,
dius of curvaturer of the considered channel. The derived are larger than in case of the coefficignt. The differences
formulae are of rather limited universality and often the for- in the obtainedD, values by means of various methods are
mulae working for one channel do not hold for others. An- often one or more orders of magnitude. There is also an-
other problem for the modellers is that many papers proposether crucial problem related to the basic definition of the
ing or applying such formulae do not discuss their limita- D coefficient. The longitudinal dispersion coefficient ap-
tions or ways of their determination. According to selectedpearing in 2-D equations is not the same entity as the lon-
review articles presenting expressions for transverse dispegitudinal dispersion coefficient in 1-D equations and this fact
sion coefficients (e.gDeng et al. 2001 Jeon et al.2007 is very often forgotten in scientific considerations. The val-
Seo and Baek2008, the values ofDy for the considered ues of dispersion coefficients relevant in 1-D situations are
area of Vistula River are plotted in Fi§. Bulk hydraulic  very often adopted to 2-D models which on one hand is of-
parameters were used in all formulae and one can readilyen done unconsciously, and on the other hand is a practical
note differences that these various formulae produce. Thesapproach since usually only values for the 1-D approach are
differences are caused by a number of factors. In principleavailable. This introduces additional and eventually quite se-
various formulae are constructed for different types of riversrious errors.
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and presented in the study. The choice:d$ not free from

Different empirical approachs for Transverse dispersion coefficients

H =1.53 m, U = 0.57 m/s, U, = 0.045 m/s subjectiveness.
o f The value of the parameteris not the same for longitudi-
"_‘g.o'-’; Ps=200m nal and transverse dispersion coefficients. Usually the ranges
do Gi Pe-s00m of a for D and Dt are the following (e.gRutherford 1994
F B =400m Sawicki 2003:
0.5 30 < D /hu, < 300Q
0.4f 0.15 < Dt /hu, < 0.9. @)
r Note the relatively large range of the parametein prin-
0.3} ciple the range for the longitudinal dispersion coefficient
- (Eq.7) is provided for the 1-D case, but this range and espe-
0-2: cially the lower range, coincide with the valuesudbr the 2-
0 1: D case. Since no information is available on the range in the

2-D case, the whole 1-D range is presented to cover a variety
of admissible situations. When detailed geometric and bathy-

0
R R 8, Fj, % ¥ S, S, Je D, : : . . . . X
5 (;lsg;m;ge”;dsa,ga;, r?éig‘ru':?;',*ufi";; (e een ,20%?3 200, metric d_ata is prov!ded (which is rarely the cas_e_), it might
4 ”9941273094 ’{0 ) " (197 ﬁ;;s;,ggefd,{f;fub_a be possible to obtain ranges of dispersion coefficients for 2-
~0.3 0.9 0.3 709

D models Piasecki and Katopode$999. Unfortunately, in

the considered case (which is a frequent situation) the pro-
vided data is extremely scarce and we may work only with

anticipated values. On top of that, any averaging of the value
of h — either within the entire river reach or even between

two given cross-sections may introduce a substantial error.
Another problem of quite fundamental nature is the determi-
nation of the bed shear velocity (sRewinski et al, 20053.

0.08

U, Uy ' is, ots,,, T0t5,,,5a q e e, . h
"’ffssi,'foré'i,";gff,’ggfﬁijfss‘,fj‘“ra (‘;’g;?';;g;?gj )(ésl,»';j;’g:’zg (2007, In this study the bed shear velocity has been calculated based
Y bsp Y b0 g /fielq” b bsg' bsg on the following basic expression:

Fig. 5. Transverse dispersion coefficient for the considered reachu _ z. (8)
of the Vistula River calculated using several formulae (taking into * ’
account different hydraulic parameters). For the convenience of the

; ) . Where:t — total shear stresg, — water density, the calcu-
reader, the lower part of the chart is also presented in a differen{” . — 1000k 3 The distributi f th
scale.b — dimensionless parameter; lab and field — denotes a tes tion assumes = gnT=. The distribution of the to-

site (experiment performed in a laboratory channel or in ariver). (@l bed shear stress was calculated with use of the CCHE2D
model based on the turbulent Reynolds stresses.
Since we do not know the value of the parameteior

Let us illustrate the above problem. In the case study conthe considered case in the present study, we conducted a
sidered in this paper there was no experimenta] data tha$erieS of simulations for different values of The vari-
could be used to calibrate the model to obtain the proper valant with the point-like continuous warm water discharge of
ues of theD, and Dt coefficients. As expected, different re- 14nPs™%, located in the middle of the channel has been
lationships for dispersion coefficient resulted in significantly chosen to illustrate the problem. Figuepresents the 2-D
different values oD, andD+. In the study the most general temperature fields for three selected values of paranaeter
relationship for dispersion coefficient6Zernuszenkd99q  used to calculate the longitudinal dispersion coefficibnt

Sawicki 2003 was used: (¢ =100,a =500,a =1000). Plots in the left column of Fi@.
present the temperature for the whole area under considera-
D =ahuy; (6)  tion whereas plots in the right column zoom in on the area

surrounding the point of release. Note that the plots present
where:D — longitudinal or transverse dispersion coefficient, the relative temperatur&T — the difference between the ac-
u, —bed shear velocity, — dimensionless parameter that the- tual river temperature and the temperature of ambient wa-
oretically may assume values from a relatively large rangeter. Figure7 allows for accurate quantitative analysis of the
Taking into account the reasonable maximum and minimumdifferences between the distributions of water temperature
values of the parameter (based on the experience gained calculated for various parametersat the cross-sections lo-
in similar rivers) we were able to analyse the environmen-cated, respectively, at 100, 250 and 500 m from the point
tally most severe cases, which is actually the main task ofbf discharge. For the convenience of the reader, these cross-
an EIA. The most probable value af was also analysed sections are also marked in F&right column). Note that in

Hydrol. Earth Syst. Sci., 16, 4177419Q 2012 www.hydrol-earth-syst-sci.net/16/4177/2012/



M. B. Kalinowska and P. M. Rowinski: Spread of warm water in a river 4185
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Fig. 6. Two-dimensional temperature distribution in case of continuous discharge ot 42’nof warm water at poinZ1 = (1850, 800) for
different values of dimensionless coefficientL00 (top panels), 500 (middle panels) and 1000 (bottom panels).
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100 m from the discharge
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Fig. 7. Temperature distribution in case of continuous discharge of o _ _ _
14m3 s of warm water at pointZ4 = (1850, 800) for different  Fig. 8. The longitudinalD_ and transversé®y dispersion coeffi-

values of dimensionless coefficient across the cross-sections locatgdents for the considered reach of the Vistula River, computed for
at 100, 250 and 500 m from the discharge. the local values of river depth and bed shear velocity.

case of large values of the parametehe temperature cloud longitudinal and transverse dispersion coefficients calculated
slightly propagates also upstream. for a equal to 500 and 0.6, respectively, using the averaged
Visible differences in the results reveal the importance ofvalues of the water depth (1.53 m) and the bed shear velocity
the selection of the dispersion coefficient. Therefore, poten{0.045ms1). In this case, the dispersion coefficients values
tially extreme values of are considered to discuss the least are: D, =34.425n¢ s and D1=0.041nfs 1. In case of
favourable variant that may occur in the river reach. In com-using local values of the water depth and the bed shear ve-
parison to longitudinal dispersion the selection of the transocity the distributions of dispersion coefficients are not uni-
verse dispersion coefficient in the analysed case does not irferm and are presented in Fig. Note the differences in the
fluence the results significantly and, therefore, computationsolutions obtained with use of the averaged and local values
of different variants are not presented. of the depth and the bed shear velocities (see ®igThe
Further, similarly to previous workKalinowska et al. difference in results in the selected case is not significant.
2012 the results of computations are presented for theThe maximum difference between the results (bottom chart)
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Fig. 9. Two-dimensional temperature distribution results for continuous discharge of §2nof heated water along a straight exit pipe,

14 m long, located near the left bank of the river in case of using averaged (left-top chart) and local values of depth and shear velocity
(right-top chart) for computing dispersion coefficients and difference between them (bottom chart). The beginning and end of the exit pipe
are located, respectively, at poing&sg = (1730, 690),Z3g=(1740, 700).

is equal to 0.34C. But this may possibly change in case of obtained from calculations performed on successively re-

different hydraulic parameters. fined meshes or grids to a reference solution. In the case con-
sidered herein, the exact solution of the advection-diffusion
3.6 Numerical solution equations is not known to define such reference. There-

fore, geometrically simpler problems are considered to as-

An important issue in the discussion of the model results isSess the numerical solutions. In the evaluation of the numer-

the mathematical consistency between continuum and disi¢@ methods applied the key problems to be assessed are
crete variants of partial differential equations used to rep-(K@linowska and Rowiski, 2004 200§: numerical diffu-
resent the heat transport in a river. In academic studies afion @nd numerical dispersion, instability and computational

important step would be to compare numerical solutions'€duirements. The first one — numerical diffusion — results
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in faster spreading of thermal pollution. It is a well-known not meet acceptable environmental standards might lead to
effect, but since it may be difficult to observe in real appli- carrying out measurements and/or tracer tests to determine
cations, usage of numerical schemes that may generate suthe dispersion coefficients for the given river reach. The re-
errors has to be made with care. Numerical dispersion errorsults depend considerably on the 2-D velocity field, hydraulic
may cause non-physical oscillations, but the effect is easier tand morphometric characteristics of the flow, particularly the
notice in the obtained results. The details of the errors arisingbed shear stresses. One should also be aware of the choice of
from the use of various numerical methods applied to Eg. ( numerical method that might introduce nonphysical phenom-
are given irKalinowska and Rowiski (2007). Inthat study a  ena in the final results.

two-dimensional model of the spread of passive pollutants in

surface water — RivMix (which offers a choice of four differ-

ent numerical schemes) was used. RivMix was also used i\cknowledgementsThe first author was partly supported by the

the current study, to model the thermal pollution, and an ac4nstitute of Geophysics Polish Academy of Sciences grant for
curate and fast Alternative Direction Implicit (ADI) method young scientist 500-10-1.

was selected to solve Eql)( Following some preliminary

numerical tests, appropriate time stejr €1s) and spatial Edited by: H. Madsen

step (Ax = Ay =10m) sizes were chosen to ensure a suffi-

ciently fast and detailed solution. But before the time and

spatial steps were chosen several numerical tests had be@fhferences

performed. The influence of the increasing model resolution

on the final results is a subject of many studies in environ-pjjan, J.: Stream ecology: structure and function of running waters,

mental fluid mechanics problems (see &gmianski et al, Kluwer Academic Publishers, 1995.

2011. Altinakar, M. S., Czernuszenko, W., Rdveki, P. M., and Wang, S.
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