

  water-08-00553




water-08-00553







Water 2016, 8(12), 553; doi:10.3390/w8120553




Article



Reservoir Routing on Double-Peak Design Flood



Andrea Gioia





DICATECh-Politecnico di Bari, E. Orabona St. 4, 70125 Bari, Italy; Tel.: +39-80-5963299; Fax: +39-80-5963414







Academic Editor: Marco Franchini



Received: 21 June 2016 / Accepted: 18 November 2016 / Published: 25 November 2016



Abstract

:

This work investigates the routing effect provided by an artificial reservoir to a double-peak flood of a given return period. The present paper introduces a dimensionless form of the reservoir balance equation that describes the hydrologic-hydraulic processes that may occur and allows for the evaluation of the reservoir routing coefficient (RC). Exploiting this equation, an extensive sensitivity analysis based on the use of two simple parametric indices that depend on the storage capacity (SC) of the reservoir, the discharge capacity (DC) of the spillway (with fixed-crest) and the hydrologic behavior of the basin was performed.
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1. Introduction


In river basins characterized by the presence of large artificial reservoirs, the design and management of dams and spillways has to account for a complete analysis of flood routing. The routing process is influenced by hydraulic and morphological factors, including the characteristics of the spillway structure and the conformation of the valley, and it also depends significantly on the shape and volume of the inflow flood to the reservoir.



In this context, the literature provides works belonging to two main categories: those mainly focused on design criteria for spillways and dams (e.g., [1,2,3,4,5,6]) and those having, as a unique objective, the evaluation of the flood propagation downstream of the dam (e.g., [7,8,9,10,11]). In both cases, the volume of the flood plays an important role, but relatively few works analyze the effect of double-peak flow hydrographs on the routing reservoir process using a deterministic approach. Recent literature in this field proposes stochastic approaches providing reliable theoretical models that are still far from being applied by users in real contexts due to their complexity; in particular, in order to select the spillway length in a dam, Mediero et al. [12] propose a design flood hydrograph investigating the relationship between the flood peak and hydrograph volume, using a Monte Carlo approach.



Klein et al. [13] apply a Monte Carlo simulation approach to evaluate design floods by simulating the flood characteristics. Klein et al. [14] propose bivariate probability analyses of different flood variables using copulas, in order to overcome the problem that univariate probability analysis may lead to an overestimation or underestimation of the hydrological risk.



Flores-Montoya et al. [15] develop a new methodology to generate extreme hydrograph series using an event-based model, where a spatial-temporal synthetic rainfall generator is combined with a distributed physically based rainfall-runoff event-based model. Blazkova and Beven [16] apply a continuous simulation approach for the estimation of flood frequency for a dam in the Czech Republic; the methodology was implemented within a Generalized Likelihood Uncertainty Estimation framework. Micovic et al. [17] present a stochastic simulation of floods on a cascade system of three dams, showing that the dam overtopping is more likely to be caused by a combination of a smaller flood and a system component failure than by an extreme flood on its own.



Liu et al. [18] evaluated three stochastic mathematical models for calculation of the reservoir flood regulation process, the river course flood release, and the flood risk rate under flood control, based on the theory of stochastic differential equations and features of flood control systems in the middle reach of the Huaihe River.



Regarding the routing process of a single-peak hydrograph, several authors have proposed methodologies for a rapid evaluation of the routing effect, based on a schematic representation of natural processes. Many of these are based on the use of parametric indices for the evaluation of the routing coefficient (RC)(η) of a reservoir, defined as the ratio between the downstream and the upstream flood peak discharge [19,20,21,22,23].



More recently, Miotto et al. [24] have proposed a simplified procedure for the evaluation of the RC providing the formulation of a parametric index, called SFA (synthetic flood attenuation), which is obtained by the use of the reduction curve of flood peaks and is based on three geometrical quantities such as the area of the basin, the surface of the lake and the size of the fixed-crest spillway. By assessing the descriptive capacity of SFA, they have also shown that the position of the peak compared to the duration of the flood heavily influences the routing coefficient.



Following Miotto et al. [24], it is possible to reaffirm that, in this context, the use of the reduction curve of flood peaks [25,26], which can be obtained also from a suitable synthetic hydrograph [27], is certainly appropriate. Based on this, Magilligan and Nislow [10] pointed out that the flood wave shape has a small influence on the effect of routing, which, in the case of simplified hydrographs characterized by a single peak, is influenced by the type of spillway, the total volume of the flood and the peak flood discharge.



Therefore, the problem of assessing the routing effect in the case that the inflow flood is characterized by the presence of more than one consecutive peak, which is not so rare, and, in particular, when two peaks are present and the more significant peaks are shifted towards the end of the flood event, is still open. This consideration is implicitly accounted for in approaches based on continuous hydrological simulations. In particular, in order to evaluate the routing effect, a distributed hydrological model is used by Montaldo et al. [28], which performs a sensitivity analysis with respect to the hydrological parameters of the model. Balistrocchi et al. [29] propose a continuous simulation approach with the aim of accounting for a plurality of flood events, having different return periods, taking also into account their effective temporal sequence. They also use a precipitation stochastic model, combined with a simple rainfall-runoff transformation model and a schematic representation of the routing process, in order to verify the performance of the simplified model by comparing its results with those obtained from continuous simulations.



In parallel, in the context of reservoir management, several authors have developed models that use neural networks, fuzzy logic, genetic algorithms and decision support systems in order to provide a robust and efficient way to guide the design of such complex systems [30,31,32,33,34,35,36,37,38].



Beyond numerical analyses, the effect of floods characterized by multiple consecutive peaks is discussed in a phenomenological way by Klein et al. [13] and by Negede and Horlacher [39] who propose the use of stochastic methods for the determination of flood hydrographs characterized by consecutive peaks. It should be noted, however, that this issue was already discussed by Castorani and Piccinni [40]. They provided a deterministic analysis that exploits triangular flood hydrographs with two consecutive peaks. Moreover, they introduced six parametric indices accounting for the geometry of the spillway, the shape of the reservoir, and the duration of the inflow flood, in order to assess their effect on the routing coefficient.



This kind of approach allows for the identification of a flood design, both in the simplest case of the presence of only a single peak or in the case of the occurrence of a set of peak hydrographs which are defined when trying to reproduce the natural variability of flow. In this context, the proposed work is focused on the evaluation of the reservoir routing coefficient, considering an inflow flood characterized by two consecutive peaks; for this purpose, an analytical solution in a dimensionless form of the reservoir water balance equation that describes the hydrologic-hydraulic processes for an artificial reservoir was introduced, performing an extensive sensitivity analysis based on the use of two simple parametric indices which depend on the storage capacity (SC) of the reservoir, the discharge capacity (DC) of the spillway (with a fixed crest) and the hydrologic behavior of the basin.



In this way, an original methodology to deterministically analyze how two-peak floods affect an artificial reservoir is proposed; in particular, the proposed research provides a useful tool for practical utilization by users, such as dam managers, who frequently must deal (in ordinary or extraordinary conditions) with the case of the occurrence of one or two flood consecutive peaks. For this purpose, some assumptions were introduced in the model structure where some components are evaluated on the basis of known theoretical assumptions (e.g., the maximum entropy principle) which are always valid, trying to make the model analytically tractable and at the same time easy to use for dam managers or designers; the introduction of the dimensionless form of the water balance equation makes the methodology applicable for each assigned return period.




2. Methods


2.1. Dimensionless Double-Peak Flood


The design flood is usually defined as the most dangerous flood for a specific return period. Hence, the design flood has to account for different characteristics of the hydrograph: the peak discharge, shape and volume. In particular, the design flood should account, in the case of double peaks, for the position of the two peaks.



Once the design flood, which may include one or more peaks, is defined, it is possible to evaluate the effect of its routing by implementing the appropriate numerical analysis. In particular, the present research investigates the response of an artificial reservoir to an inflow characterized by a flood obtained from the superposition of two hydrographs, whose peaks are separated by a predetermined time interval. In this case, the present research analyzes a set of design floods obtained by varying the time shift between peaks in order to account for flood events characterized by two peaks, not independent, in which the second one is higher than the first one.



The hydraulic behavior of the reservoir spillway and the runoff formation process of the flood event upstream of the dam are described by a water balance equation, where some useful parametric indices are introduced with the aim of obtaining solutions that can be generalized.



The definition of the design flood consists of three simple steps:

	(i)

	
analytical definition of a double-peak design flood based on the fractal instantaneous unit hydrograph (FIUH) of a river network (i.e., [41]);




	(ii)

	
numerical solution of the differential equation that describes the dimensionless water balance of the reservoir, aimed to estimate the reservoir RC as a function of the morphological characteristics of the valley, and the DC of the spillway;




	(iii)

	
numerical determination of the “critical” temporal distance between two consecutive peaks of the design flood aimed to find the maximum water level.









In order to provide a flood event characterized by two consecutive peaks we exploited the FIUH model, which in particular uses a Weibull distribution that has important theoretical properties: specifically, it is a maximum entropy distribution whose parameterization has been theoretically assessed by means of well-developed and accepted observations about the fractal properties of the hydrographic network [42].



The Weibull distribution provides an analytical expression easily tractable by users such as dam managers or designers; the analytical expression of this hydrograph is presented in Equation (1) and is parameterized according to the FIUH model (e.g., [41]), which introduces the shape parameter D (the fractal dimension of the hydrographic network) and the parameter k, which takes into account the basin lag-time.


    f ( t ) =  D k     (   t k   )    D − 1   exp  [  −    (   t k   )   D   ]     ,   



(1)




where D is assumed equal to 1.75, a value that is observed with a certain regularity in natural river basins [43], while the parameter k can be estimated by assuming the first-order moment of the Weibull distribution equal to the lag-time tr of the basin, according to the following expression:


     t r  = k   Γ  (  1 +  1 D   )   ,   



(2)




where Г() is the gamma function.



The analytical solution of the convolution integral, in the case of a constant rainfall intensity with a duration equal to d, is given by the following equations [41]:


     q e  ( t ) = P  ( d )   {  1 − exp  [  −    (   t k   )   D   ]   }    0 ≤ t ≤ d  ,   



(3)






     q e  ( t ) = P  ( d )   {  exp  [  −    (    t − d  k   )   D   ]  − exp  [  −    (   t k   )   D   ]   }    t > d  ,   



(4)




where P(d) is the average net rainfall of an event characterized by constant intensity and a duration equal to d.



It is useful to point out that the Equations (3) and (4) provide a peak time tp, corresponding to a peak flow qe,max, which is greater than the duration of the precipitation. Assuming that the duration of the rainfall event, d, coincides with the basin lag-time tr, qe,max is then obtained by means of Equation (4) for t = tp and can be expressed by the following equation:


     q  e , max   = P  (   t r   )   {  exp  [  −    (     t p     t r    − 1  )   D  Γ    (  1 +  1 D   )   D   ]  − exp  [  −    (     t p     t r     )   D  Γ    (  1 +  1 D   )   D   ]   }   .   



(5)







The assumption that the rainfall event duration is equal to the basin lag-time tr is supported by Fiorentino et al. [44], who showed that, under different choices of the basin hydrologic response function, the critical duration approaches the lag time; the hypothesis that the time variability of the rainfall intensity can be neglected (e.g., [45,46,47,48,49]) within the critical duration is supported by the above quoted observation, considering that an event with a constant rainfall intensity, during the lag-time, is more precautionary with respect to other kinds of design hyetographs which include rainfall variability. Moreover, the context of application of the proposed model does not require the evaluation of the effects of the rainfall peak propagation as in urban contexts where the rainfall variability is more likely conditioning. Finally, this assumption makes the structure of the analytical solution simpler in order to be used by dam operator or dam designer.



Considering a linear behavior of the basin response, as assumed in the IUH theory, a double-peak design flood was obtained by summing two hydrographs characterized by the same peak discharge (qe,max) separated in time by a time interval. The resulting hydrograph, depending on the shift between the two hydrographs, may provide a single larger peak (see Figure 1) or two separate different peaks. The analytical relationship between the largest discharge of the entire flood (Qmax) and qe,max is written as:


     Q  max   =  q  e , max    {  1 + exp  [  −    (    Δ ∗ f ( D )   Γ  (  1 +  1 D   )     )   D   ]   }   ,   



(6)




where Δ is the ratio between the time shift of the two hydrographs and the basin lag-time tr, D is the fractal dimension of the stream network, and finally the function f(D) = 0.173D + 0.48 was obtained by numerically minimizing (using different values of D) the difference between the maximum value (Qmax) of the resulting flood hydrograph obtained using the analytical relationship in Equation (6), and that was numerically estimated using the function obtained by shifting the two hydrographs, qe(t), by a time shift equal to Δ*tr. More specifically, the function f(D) assumes a value equal to 0.78 for D = 1.75 and was obtained by using a range of values between those (ranging between 1.5 and 2) indicated in recent literature (e.g., [43,50,51,52]).



Starting from Equations (5) and (6), and assuming τ = t/tr, it is possible to write Equations (3) and (4) in dimensionless form:


       q e   ¯  ( τ ) =    q e   ( τ )     Q  max     =    {  1 − exp  [  −    (  τ   Γ  (  1 +  1 D   )   )   D   ]   }     {  exp  [  −    (   τ p  − 1  )   D  Γ    (  1 +  1 D   )   D   ]  − exp  [  −    (   τ p   )   D  Γ    (  1 +  1 D   )   D   ]   }   {  1 + exp  [  −    (    Δ ∗ f ( D )   Γ  (  1 +  1 D   )     )    D    ]   }      0 ≤ τ ≤ 1  ,   



(7)






       q e   ¯  ( τ ) =    q e  ( τ )    Q  max     =    {  exp  [  −    (  ( τ − 1 ) Γ  (  1 +  1 D   )   )   D   ]  − exp  [  −    (  ( τ ) Γ  (  1 +  1 D   )   )   D   ]   }     {  exp  [  −    (   τ p  − 1  )   D  Γ    (  1 +  1 D   )   D   ]  − exp  [  −    (   τ p   )   D  Γ    (  1 +  1 D   )   D   ]   }   {  1 + exp  [  −    (    Δ ∗ f ( D )   Γ  (  1 +  1 D   )     )    D    ]   }      τ > 1  ,   



(8)







Therefore, the resulting dimensionless flood hydrograph is equal to:


       Q ¯   e    ( τ ) =    q e   ¯  ( τ ) +    q e   ¯  ( τ − Δ )   with   max (    Q ¯   e    ( τ ) ) = 1  .   



(9)







The dimensionless form of the water balance equation provides an analytical solution that is independent from the return period, being the resulting hydrograph, dependent on the shift between the two hydrographs, normalized by the largest discharge of the entire flood (Qmax = QT) directly related to the return period; this approach makes the methodology applicable for each assigned return period.




2.2. Dimensionless Reservoir Water Balance


The water balance equation of the reservoir can be written:


     q e  ( t ) −  q u  ( t ) =   dV ( t )   dt   =  V o    dh ( t )   dt    .   



(10)




where qe(t) and qu(t) represent, respectively, the inflow and outflow discharge, V(t) is the volume stored at time t in the reservoir, h(t) is the water level at time t, evaluated with respect to the fixed-crest spillway and Vo is the SC per units of water depth which is assumed constant and equal to the value of the reservoir surface area at the fixed-crest spillway level. We assume that in the initial conditions, the reservoir surface is at the spillway crest level and the outflow discharge is qu(0) = 0.



The outflow from the reservoir is, of course, influenced by the geometry of the spillway which was assumed as a free fixed crest of length l and the discharge coefficient μ; the free fixed-crest spillway is able to release a flow rate equal to:


     q u  ( t ) = μ · l · h    ( t )     3 2    ·   2 · g    ,   



(11)




where h(t) represents the water depth on the fixed-crest spillway, equal to the difference between the water level in the reservoir at time t and the maximum regulation water level of the reservoir.



Considering the hydrograph       Q ¯   e    ( τ )    as the inflow, the reservoir water balance Equation (10) can be rewritten in dimensionless form as reported below:


       Q ¯   e    ( τ ) d τ −    Q ¯   u    ( τ ) d τ − β dh = 0  ,   



(12)




where


       Q ¯   u    ( τ ) =    q u  ( τ )    Q  max     =   α   h    ( τ )     3 2     ,   



(13)




two parametric indices are introduced, α [m−3/2] and β [m−1]:


    α =   μ   l     2 g      Q  max      ,   and    β =    V 0     Q  max      t r       



(14)




where α represents the ratio between the flow rate released by a spillway of length l with a hydraulic head of 1 m and the maximum flood peak value Qmax, and β is the ratio between the volume stored in the valley per 1 m of water level and the volume of a triangular hydrograph with the peak flow equal to the maximum flood peak and a duration equal to 2tr.



Equation (12) is a differential equation that can be easily solved, allowing us to obtain the Qu(τ) and h(τ) functions as those shown, for example, in Figure 2.





3. Evaluation of the Dimensionless Design Double-Peak Flood and Discussion


The numerical solution of the dimensionless balance in Equation (12) allows us to evaluate the influence of the α, β and Δ parameters on the flood routing process. To this end, an appropriate sensitivity analysis was carried out, aimed at investigating the influence generated by each of the three parameters on the routing process, varying their values within a suitable range of real conditions.



Specifically, we considered that the parameters α and β range between 0.5 and 4 (e.g., [21,40]) where different case studies located in Italy were considered, whereas the parameter Δ ranges between 1 and 5. These values are still observable in real case studies such as the Occhito Dam (located in the Puglia Region, southern Italy) where α = 1.57 and β = 2.78, the Montecotugno Dam (located in the Basilicata Region, southern Italy) where α = 0.87 and β = 5.22, the Pertusillo Dam (located in the Basilicata Region, southern Italy) where α = 2.75 and β = 2.60, and the Liscione Dam (located in Molise, southern Italy) where α = 0.96 and β = 2.01.



Figure 3 shows the flood hydrographs, in dimensionless form, derived by assuming that the dimensionless time shift between the two peaks (Δ) is equal to 1 or to 5, respectively, with the minimum and the maximum value used. It can be noted that for Δ = 1, corresponding to two hydrographs whose peaks are separated in time by tr, the resulting flood is characterized by only one peak, while Δ = 5 produces a resulting flood without any overlap between the two single hydrographs.



The results of the sensitivity analysis are reported in Figure 4 and Figure 5. In particular, Figure 4 shows, for different fixed values of α (0.5, 1, 2, 3, 4) and β varying between 0.5 and 4, the curve representing the Δ value which maximizes the water level hL. In other words, the curves display the “critical” dimensionless time interval between consecutive peaks.



It is worth noting that the double-peak design flood for a given return period T is provided here by Equations (7) and (8), where Qmax = QT, the peak discharge of a given return period, and Δ assumes the critical value shown in Figure 4, for    α =   μ   l     2 g      Q T       and    β =    V 0     Q T     t r      .



The curves show that for any fixed value of α, an increase of the reservoir SC (greater β) corresponds to an increase of the critical Δ, while for any fixed value of β, an increase of the DC of the spillway (greater α) provides a decrease of the critical Δ.



Figure 5 shows the maximum water level (hL) obtained for different fixed values of α and a variable β. It is worth noting that hL decreases while increasing β. This negative trend is more pronounced for smaller values of α. For a fixed value of α, a reservoir characterized by a small storage capacity generates a higher water level than one with a large storage capacity. On the other hand, for a fixed value of β, an increase of the spillway DC reduces the maximum water level.



Finally, Figure 6 shows the dependence of the reservoir routing effect on α and β. In particular, the curves report the value of η, which is the ratio between the maximum value of the spillway flow rate and the maximum peak flow rate into the lake. In this case, the reservoir routing effect η decreases for higher values of β and this negative trend is more evident for lower values of α. In fact, for a fixed value of α, a reservoir characterized by a larger storage volume (higher β) has a greater routing capacity (η decreases) with respect to a reservoir having small SC (lower β). On the other hand, for a fixed value of β, increasing the spillway DC (i.e., increasing α) leads to an increase of η and consequently to a smaller routing effect.



It is interesting to point out that the two parameters α and β are able to be used in real applications when, for example, the user (such as a dam manager or dam designer) needs to know the maximum routing elevation hL (see Figure 5) and the routing capacity η (see Figure 6); in this case, the routing effect may be evaluated using Figure 5 and Figure 6, starting from the hydrologic behavior of the basin (tr, Qmax), the SC of the reservoir (Vo) and the length (l) of the spillway (see Equation(14)). On the other hand, the performed sensitivity analysis may also be useful for dam designing, evaluating in particular the DC of the spillway α (see Figure 4), starting from the SC of the reservoir (Vo), the hydrologic behavior of the basin (tr, Qmax) and the shift between the two peaks Δ. This gives a strong contribution to applied research, allowing the realistic application of the proposed research.




4. Conclusions


The paper proposes a dimensionless parametric model that can be useful to evaluate the routing effect of an artificial reservoir, with reference to a flood event characterized by two consecutive peaks. In particular, based on a simplified representation of the hydrological conditions that may lead to a superposition of two peaks, we analyze the effects of the combination between the hydrological flow regime, the reservoir SC and the spillway’s discharge capacity.



We performed a sensitivity analysis and the results illustrated in Figure 4, Figure 5 and Figure 6 may also allow a simple estimation of the expected RC for a design flood with a given return period T, obtained by considering two consecutive peaks.



It should be noted that, unlike some of the studies previously cited, in this work the evaluation of the probability associated with the occurrence of a flood event, combined as a superposition of two flood hydrographs, has not been considered. This evaluation is, in the opinion of the writer, almost impossible and affected by non-quantified uncertainty. In fact, the probability of the occurrence of more consecutive peaks depends on the space-time rainfall structure, and also on the consequent dynamic evolution of the soil moisture state of the basin. Such a probabilistic representation should account for the joint distribution of several random variables (not independent from each other) whose behavior is still unknown even if considering their marginal distribution.



Therefore, the paper proposes a deterministic solution of the dimensionless balance equation which describes the reservoir routing process, based on a sensitivity analysis extended to a wide range of parameters that influence the reservoir water balance and providing, at the same time, the critical condition, i.e., the highest water level provided by a flood peak QT of a given return period. In this way the present research provides the most dangerous conditions that may occur in a river basin resulting from the combined effects of the hydrological behavior of the basin, the reservoir SC and the spillway discharge capacity.



The results obtained are provided in plots that show the dependence of the reservoir RC on two simple parametric indices (α and β).



This manuscript proposes an original methodology to deterministically analyze how two-peak floods affect an artificial reservoir, introducing (as a novelty with respect to recent literature) a simple analytical relationship with dimensionless parametric coefficients able to be exploited by users (such as a dam manager or dam designer) for practical utilization, in the case of the occurrence of one or two flood consecutive peaks; the proposed methodology may be easily extended to multiple-peak floods in future research.



The approach used in this research certainly deserves improvements and better insights; nevertheless, it shows the potential of a physically based representation of a complex hydrological-hydraulic system, which allows us to account, in a simple way, for multiple-peak floods, whose occurrence is still relatively poorly investigated in relation to practical design procedures.
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Figure 1. Composition of the dimensionless flood hydrograph, starting from the two single flood hydrographs with a fixed time shift. 
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Figure 2. Inflow and outflow functions of the reservoir balance equation in dimensionless form, for DC α = 4, SC β = 4 and time shift between the two peaks Δ = 1.5. In blue is reported the inflow dimensionless total discharge, in red the outflow discharge from the dam, in green the water level in the reservoir. 
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Figure 3. Flood hydrographs considering the variable temporal distance between the flood peaks, using the spillway DC α = 4 and the SC β = 4: (a) time shift between the two peaks (Δ) equal to 1; (b) time shift between the two peaks (Δ) equal to 5. 
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Figure 4. Trend of the “critical time interval”, Δ, which maximizes the water level, as a function of the spillway DC α and the SC β. 
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Figure 5. Trend of the maximum routing elevation (hL) as a function of the spillway DC α and the SC β. 
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Figure 6. Trend of the ratio between the downstream and the upstream flood peak discharge (η) as a function of α and β. 
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