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Abstract: Three-dimensional numerical simulations were performed for different flow rates and 
various geometrical parameters of step-pools in steep open channels to gain insight into the occur-
rence of energy loss and its dependence on the flow structure. For a given channel with step-pools, 
energy loss varied only marginally with increasing flow rate in the nappe and transition flow re-
gimes, while it increased in the skimming regime. Energy loss is positively correlated with the size 
of the recirculation zone, velocity in the recirculation zone and the vorticity. For the same flow 
rate, energy loss increased by 31.6% when the horizontal face inclination increased from 2° to 10°, 
while it decreased by 58.6% when the vertical face inclination increased from 40° to 70°. In a chan-
nel with several step-pools, cumulative energy loss is linearly related to the number of step-pools, 
for nappe and transition flows. However, it is a nonlinear function for skimming flows. 

Keywords: computational fluid dynamics; energy loss; flow regimes; steep open channel; step-
pool geometry 
 

1. Introduction 
Analysis of flow regimes in mountainous streams is important as the flow may car-

ry large amounts of sediment, which affects the live storage of downstream reservoirs 
and the stream morphology [1,2]. It is important from the perspective of stream ecology, 
especially in wet and dry tropics, where these streams and their surroundings are 
hotspots of bio-diversity [3–5]. It is also important for developing steady and unsteady 
mathematical models [6], which can be used for the planning and design of river resto-
ration and other hydraulic structures. 

Mountainous streams are characterized by step-pools. Many studies have been car-
ried out in the past on natural step-pool streams using field data to understand: Changes 
in characteristics of a step-pool system as a function of flow rate [2,7]; standardizing 
geomorphic definitions of step height, step wavelength, active width, drainage area, 
slope and particle size [8]; entropy of step-pools, bed slope and bed friction [9]; the effect 
of sediment supply on the stability of step-pools [10] and step-pool structure [11]; design 
of scour depth and pool depth [12]; the effect of step-pools on ecology and flow re-
sistance [13]. Recently, Kalathil and Chandra [14] provided an extensive review of work 
carried out on step-pool hydrodynamics in mountainous streams. 

An experimental study was conducted to understand bed level changes in step-
pools due to hydraulic properties [15]. Peterson and Mohanty [16] and Sindelar and 
Smart [17] conducted laboratory experiments to understand the occurrence of different 
flow regimes and their effect on step-pool stability. In the nappe flow regime, flow al-
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ternates between subcritical and supercritical conditions with the critical flow over each 
step [17]. The flow is supercritical and skims over the tops of the steps having almost flat 
water surface in the skimming regime [17,18]. The transition flow regime is character-
ized by the presence of standing waves and oscillating jets of flow. Among the three 
flow regimes detected, transition flow regime had the most critical effect on stability 
[17]. Though some studies have identified the flow regimes in step channels, under-
standing of the energy loss variation in the three flow regimes requires systematic inves-
tigation. Several studies have attempted to investigate energy loss in step-pools and 
spillways with step-pools (a brief discussion is in the following section), as step-pools 
are the major energy dissipaters in step channel. 

Understanding energy loss in step-pools is one of the primary steps towards the 
development of flow models for mountainous channels as well as for designing stepped 
spillways [19,20]. In a mountainous stream, the energy loss due to dissipation of turbu-
lent energy in the pools is more significant than grain or form drag [21,22]. Lee and Fer-
guson [23] found that flow resistance changed rapidly as discharge increased and did 
not conform to simple log law behavior. Chin [2] found that around 90% of potential en-
ergy dissipation was observed for low flow rates in step-pools and effective energy dis-
sipation is greater at low flows. Based on field data from Rio Cordon, Italy, Comiti et al. 
[24,7] attempted to obtain a relationship between dimensionless velocity, 𝑉𝑉∗ = 𝑉𝑉

�𝑔𝑔𝐷𝐷𝑐𝑐
, and 

dimensionless unit flow rate, 𝑞𝑞∗ = 𝑞𝑞

�𝑔𝑔𝐷𝐷𝑐𝑐3
, and step geometry, h/l, and channel gradient or 

slope, S, in which 𝑉𝑉 = flow velocity; 𝐷𝐷𝑐𝑐 = bed roughness; ℎ = step height; 𝑙𝑙 = step length; 𝑔𝑔 
= acceleration due to gravity; q = unit discharge. However, this relationship is valid for a 
small range of unit discharge (0.02–0.4 m2 s−1), but not applicable to high flow conditions. 
A thorough investigation of energy loss induced by spillway with flat steps [25,26], flat 
steps with end sills (pooled steps) [25] and a combination of the two cases was carried 
out [25,26]. In the above studies, the pooling effect of water was created using end sills 
but not with the inclination of step. Agostino and Michelini [27] provided a predictive 
equation for relative energy loss at a step as a function of the ratio between pool depth 
and step height, for values of the ratio less than around 0.80. Andre [28], Nikseresht et al. 
[29], Peyras et al. [30], Chinnarasri and Wongwises [19] investigated flow structure with-
in stepped chutes, spillway with step-pools, stepped gabions, stepped chutes, respec-
tively. Most of these studies, which were essentially conducted for stepped spillways, 
did not consider the formation of water pooling due to vertical and horizontal face incli-
nations which is common in natural step-pool systems. Very few studies [19,29] consid-
ered the effect of horizontal face inclination. In the studies conducted by Nikseresht et al. 
[29] and Chinnarasri and Wongwises [19], the slope of stepped spillways varied from 
35° to 50° and from 30° to 60°, respectively. However, the slope of step-pools mostly var-
ies from 2.9° to 11.4° in nature [27]. Moreover, the inclination of horizontal face was var-
ied from 10° to 30° in the study by Chinnarasri and Wongwises [19], while in nature; the 
horizontal inclination for step-pools in mountain streams usually varies between 2° and 
10°. Moreover, energy loss variation under the sequence of flow regimes through low 
flows to high flows for step-pools is missing in their studies. 

Over the last few years, myriad research, e.g., [31–35] has proved that three-
dimensional (3D) computational fluid dynamics (CFD) models could be a practical and 
robust tool to investigate flow structure in complex flow fields. With regard to step-
pools, Chen et al. [36] used volume of fluid (VOF) technique with k − ε turbulence mod-
el to simulate flow structure on stepped spillways. Nikseresht et al. [29] used ANSYS-
FLUENT model for analyzing flow in step-pool spillways. Effect of slope on energy dis-
sipation was investigated by Heidari and Ghassemi [37] using CFD model for stepped 
spillways. Chiu et al. [38] evaluated the FLOW-3D model performance using experi-
mental results for a vertical drop. Bombardelli et al. [39] compared measured time-
averaged velocities for the flows in stepped spillway using k − ε, RNG k − ε turbulent 
models and found that the results did not significantly vary between the turbulent mod-
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els. Morovati and Eghbalzadeh [40], Bayon et al. [41] and Valero et al. [42] used RNG k − 
ε model and it was found to be better than other models. Abdulla [43] evaluated the per-
formance of different turbulent models (k − ε, RNG k − ε and SST) using ANSYS-CFX 
for Froude number varying from 1.2 to 2.0 for flows around bridge piers where flow 
separation was significant. insignificant difference was found between the turbulent 
models with least computational time and cost for k − ε model. 

Building on insights from previous investigations, this study used a CFD model to 
investigate the occurrence of energy loss due to different flow rates and various geomet-
rical parameters of step-pools in a steep channel. Following questions are explored in 
this particular study: (i) For a given step-pool geometry, how does the energy loss vary 
with flow rate in a sequence of flow regimes; (ii) how does the flow structure change as 
the flow rate increases and thus affect the energy loss; (iii) how is the energy loss influ-
enced by the vertical and horizontal face inclinations of the pool; and (iv) what is the in-
teraction effect between step-pools in a sequence of step-pools and how does the energy 
loss vary with distance? Numerical results presented in this study are expected to pro-
vide a better understanding of flow structure and energy loss in steep open channels 
with step-pools, and help in the development of a simple but reasonably accurate empir-
ical equation for energy loss in step-pool channels, in the context of hydrodynamic mod-
els for mountainous channels. 

2. Methodology 
2.1. Description of CFD Model 

In recent years, CFD models have been used to understand flow structure in com-
plex open channel flows including stepped spillways, e.g., [31,32,36,38,44]. Following a 
similar methodology, the research issues listed earlier are addressed in this paper by (i) 
first evaluating the performance of ANSYS-CFX model to reproduce flow characteristics 
in a stepped spillway and in step-pools using data available in the literature, (ii) then uti-
lizing the validated software to conduct numerical simulations for flow in nature-like 
step-pools and (iii) finally analyzing the effects of flow rate and step-pool geometry on 
flow structure and energy losses. 

In the present work, commercially available CFD model ANSYS-CFX [45] was se-
lected for the study. The software solves the three-dimensional Reynolds-Averaged Na-
vier–Stokes (RANS) equations along with the standard 𝑘𝑘 − 𝜀𝜀 turbulence model [46], us-
ing a finite-volume method. ANSYS-CFX uses a multiphase model, with air and water 
representing the two phases of fluid, to model the “free-surface” sing the Volume of Flu-
id (VOF) method [47]. VOF solves a single set of momentum equations throughout the 
domain, while keeping track of the volume of phases in each computational cell. The 
software program solves the continuity and momentum equations in tensor form as fol-
lows [45]: 

Continuity equation: 

𝜕𝜕𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑗𝑗

= 0 (1) 

Momentum equation: 

𝜕𝜕𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝜕𝜕

+ 
𝜕𝜕𝜕𝜕𝑢𝑢𝑗𝑗 𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

= −
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

+
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�(𝜇𝜇 + 𝜇𝜇𝑡𝑡)�
𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

+
𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

� −
2
3
𝜌𝜌𝜌𝜌𝛿𝛿𝑖𝑖𝑖𝑖� + (𝜌𝜌 − 𝜌𝜌𝑎𝑎)𝑔𝑔𝑖𝑖 (2) 

𝜌𝜌 = 𝛼𝛼𝑤𝑤𝜌𝜌𝑤𝑤 + 𝛼𝛼𝑎𝑎𝜌𝜌𝑎𝑎 (3) 

𝜇𝜇 = 𝛼𝛼𝑤𝑤𝜇𝜇𝑤𝑤 + 𝛼𝛼𝑎𝑎𝜇𝜇𝑎𝑎 (4) 

where, 𝜌𝜌 is the fluid density; 𝜌𝜌𝑤𝑤 is the water density; 𝜌𝜌𝑎𝑎 is the air density; 𝛼𝛼𝑤𝑤 is the water 
volume fraction; 𝛼𝛼𝑎𝑎 is the air volume fraction; 𝑢𝑢 is fluid velocity; 𝑝𝑝 is the pressure; 𝑔𝑔 is 
the gravitational force; 𝑘𝑘 is the turbulent kinetic energy; 𝛿𝛿𝑖𝑖𝑖𝑖 is the Kronecker delta; 𝜇𝜇 is 
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the molecular viscosity of the fluid; 𝜇𝜇𝑤𝑤 is the molecular viscosity of water; 𝜇𝜇𝑎𝑎is the mo-
lecular viscosity of air; and 𝜇𝜇𝑡𝑡 is the turbulent viscosity of the fluid. The transport equa-
tion for 𝛼𝛼𝑤𝑤 and 𝛼𝛼𝑎𝑎 are as below, respectively: 

𝜕𝜕𝛼𝛼𝑤𝑤
𝜕𝜕𝜕𝜕

+ 𝑢𝑢𝑗𝑗 
𝜕𝜕𝛼𝛼𝑤𝑤
𝜕𝜕𝑥𝑥𝑗𝑗

= 0 (5) 

𝛼𝛼𝑎𝑎 = 1 − 𝛼𝛼𝑤𝑤 (6) 

The standard 𝑘𝑘 −  𝜀𝜀 turbulence model was chosen based on the performances of 
previous model studies from the literature, e.g., [31,32,35,36,39,43] as discussed in the in-
troduction. The governing equations for 𝑘𝑘 −  𝜀𝜀 turbulence model are as follows [45]: 

𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕

+ 
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�𝜌𝜌𝑢𝑢𝑗𝑗𝑘𝑘� =
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

��𝜇𝜇 +
𝜇𝜇𝑡𝑡
𝜎𝜎𝑘𝑘
�
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

� + 𝑓𝑓𝑓𝑓𝑘𝑘 − 𝜌𝜌𝜀𝜀 + 𝑃𝑃𝑘𝑘𝑘𝑘 (7) 

𝑑𝑑𝜌𝜌𝜀𝜀
𝑑𝑑𝑑𝑑

+
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�𝜌𝜌𝑢𝑢𝑗𝑗𝜀𝜀� =
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

��𝜇𝜇 +
𝜇𝜇𝑡𝑡
𝜎𝜎𝜀𝜀
�
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

� +  𝐶𝐶1𝜀𝜀𝑃𝑃𝑘𝑘
𝜀𝜀
𝑘𝑘
−  𝐶𝐶2𝜀𝜀𝜌𝜌

𝜀𝜀2

𝑘𝑘
 (8) 

𝑃𝑃𝑘𝑘 = 𝜇𝜇𝑡𝑡 �
𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

+
𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

�
𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

 (9) 

𝑃𝑃𝑘𝑘𝑘𝑘 = −
𝜇𝜇𝑡𝑡
𝜌𝜌𝜎𝜎𝜌𝜌

𝑔𝑔𝑖𝑖
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

 (10) 

𝜇𝜇𝑡𝑡 = 𝜌𝜌 𝐶𝐶𝜇𝜇
𝑘𝑘2

𝜀𝜀
 (11) 

where, 𝜎𝜎𝑘𝑘 is 1; 𝜎𝜎𝜀𝜀  is 1.30;  𝐶𝐶1𝜀𝜀 is 1.45; 𝐶𝐶2𝜀𝜀 is 1.90;  𝐶𝐶𝜇𝜇is 0.09; 𝜎𝜎𝜌𝜌is 1; 𝑘𝑘 is the turbulent kinetic 
energy; 𝜀𝜀 is the energy dissipation rate; 𝑃𝑃𝑘𝑘 is turbulence production due to viscous forc-
es; 𝑃𝑃𝑘𝑘𝑘𝑘 represent the influence of the buoyancy forces. A curvature correction factor 𝑓𝑓 is 
used to consider streamline curvature. The detailed information on 𝑓𝑓 is given by Spalart 
and Shur [44]. In the present study, high-resolution scheme was used, where central dif-
ferencing second order advection scheme and upwind difference scheme are combined. 
The combined scheme provides sufficiently accurate solutions to capture complex flow 
conditions whereas the upwind difference advection scheme is not good enough since it 
uses first-order advection scheme [45]. In all numerical simulations, mesh characteristic 
(Y+) was maintained less than 300 and more than 30 to satisfy dimensionless wall height 
criteria. The details of boundary conditions, convergence criteria and time step are dis-
cussed in Section 2.2 to illustrate along with Test Cases used in this study. 

2.2. Testing and Validation of ANSYS-CFX 
Three datasets from earlier studies [17,19,36] were used to test and validate the 

ANSYS-CFX. Chen et al. [36] conducted experiments on a stepped-spillway with varying 
step size and obtained pressure variation data using piezometers tubes. Chinnarasri and 
Wongwises [19] conducted experiments on a stepped spillway with uniform size. Ener-
gy loss due to steps was measured for different experimental scenarios when flow rate 
was varied from 0.004 m3 s−1 to 0.068 m3 s−1. The experimental setups used in these two 
studies are shown schematically in Figure 1a,b, respectively. Sindelar and Smart [17] 
conducted experiments on a step-pool system, as shown schematically in Figure 1c. 
Gravel with diameter of 8 mm to 16 mm was glued to acrylic bottom of the flume. Sixty-
nine wooden blocks and one aluminum block were used to create nine step-pool units. 
The blocks had a base area of 0.1 m × 0.1 m and an effective height of 0.08 m. All blocks 
were placed with a gap of 0.622 m and 0.008 m in longitudinal and transverse directions 
of the flume, respectively. A total of 14 pressure transducers were installed within the 
aluminum block. It was located at midpoint for sixth step-pool unit. Total pressure head 
profiles were measured for transition flow regime and occurrence of different flow re-



Water 2021, 13, 72 5 of 22 
 

gimes was studied. Dimensions of the flumes, steps and other data for all the three ex-
periments are summarized in Table 1. 

 
Figure 1. Schematic of test cases for assessment of ANSYS-CFX package: (a) Stepped spillway with 
varying step sizes; (b) stepped spillway with uniform step sizes; (c) step-pools created by a group 
of cuboid shaped roughness elements. 

Table 1. Experimental data used for model validation. 

Test Case Type of 
Experiment Length (m) Width (m) No Step Height 

(m) 
Flow Rate 

(m3 s−1) 
Measuring 
Technique Data Type Author 

1 

Stepped 
Spillway 
(varying 
step size) 

3.00 0.30 10 0.02 to 0.06 0.02 Piezometers Pressure Chen et al. [36] 

2 

Stepped 
Spillway 
(uniform 
step size) 

2.12 0.40 18 0.10 
0.004 to 

0.068 
- Energy Loss 

Chinnarasri 
and 

Wongwises 
[19] 

3 
Step-Pool 

System 
6.00 0.76 9 0.08 0.150 

Pressure 
Transducers 

Pressure Head 
profile 

Sindelar and 
Smart [17] 

To use the data in Table 1 for simulations with ANSYS-CFX a number of boundary 
conditions were defined. Details of boundary conditions in all numerical simulations in 
the present study are as follows. Flow rate with 5% turbulent intensity was specified at 
the inlet or left boundary of the flow domain. The pressure was specified at the outlet or 
right boundary, by assuming that the pressure was hydrostatically distributed, for the 
specified flow depth. Atmospheric pressure condition was specified at the top of the 
flow domain. Bottom of flow domain was treated as smooth boundary for Test Cases 1 
[36] and 2 [19]. For the Test Case 3 [17], bottom boundary was treated as a rough bound-
ary with a value of 2.55 × 10−4 m for equivalent sand grain roughness height correspond-
ing to rounded gravel. For all wooden blocks and aluminum block, roughness value was 
given as 0.0008 m and no-slip boundary condition was applied to bottom and blocks. 
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Symmetry sidewall conditions were specified for Test Cases 1 and 2 and smooth walls 
with no-slip conditions were specified for the Test Case 3. 

The convergence criterion in all simulations (steady state flow conditions) was 
0.0001 and convergence was achieved within 2000 iterations with a physical time scale of 
0.4 s. Unstructured tetrahedral computational mesh was created using the “ICEM CFD” 
subroutine available in the ANSYS-CFX. Mesh close to the bottom boundary was refined 
using inflation technique with transition ratio 0.77, 12 maximum number of layers, 1.2 
growth rate to make sure the first mesh was within logarithmic region as shown in sup-
plementary Figure S1b. Experimental observations provided by Sindelar and Smart [17] 
were used to test for grid convergence. Four different mesh sizes with a maximum mesh 
size of 0.02 m, 0.015 m, 0.01 m and 0.0075 m were used for grid sensitive analysis. Meas-
ured pressure variation at the downstream face of aluminum block is used for bench-
marking as shown in Figure 2. The total number of nodes and elements varied from 
859595 to 2472351 and from 3361613 to 8125059. A blend factor of ~1 is used in high reso-
lution numerical scheme which may create oscillation in the results especially when ge-
ometry is symmetrical and mesh is not symmetrical. However, the results produced us-
ing the high resolution numerical scheme are more accurate than those obtained using 
other scheme (upwind difference advection scheme) available in ANSYS CFX [45]. The 
coarse mesh is found to be more symmetrical than fine mesh in this study. Therefore, 
minor oscillations are found in Figure 2 for fine mesh. The numerically simulated pres-
sure profile with a maximum mesh size of 0.01 m is satisfactory. It can be observed from 
Figure 2 that the difference in results with 0.0075 and 0.01 m mesh sizes is insignificant. 

 
Figure 2. Mesh sensitivity analysis: Simulated pressure profile at downstream face of block. 

The performance of the model was determined using three goodness-of-fit indices: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �
1
𝑛𝑛
�(𝑂𝑂𝑖𝑖 − 𝑆𝑆𝑖𝑖)2
𝑛𝑛

𝑖𝑖=1

 (12) 
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𝐸𝐸 = 1 −
∑ (𝑆𝑆𝑖𝑖 − 𝑂𝑂𝑖𝑖)2𝑛𝑛
𝑖𝑖=1

∑ (𝑂𝑂𝑖𝑖 − 𝑂𝑂)2𝑛𝑛
𝑖𝑖=1

 (13) 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =
∑ (𝑂𝑂𝑖𝑖 − 𝑆𝑆𝑖𝑖)𝑛𝑛
𝑖𝑖=1

𝑛𝑛
 (14) 

where 𝑂𝑂𝑖𝑖 and 𝑆𝑆𝑖𝑖  are observed data and simulated results, respectively. 𝑂𝑂�  indicates the 
average of all the observed values and n is the number of data points. 

Numerically simulated horizontal and vertical pressure profiles are compared with 
experimental data for Test Case 1 as shown in Figure 3a,f. Pressure profiles were collect-
ed on horizontal and vertical surfaces for fifth, ninth and 13th steps. Performance indices 
for the simulations for all three test cases are presented in Table 2. 

 
Figure 3. Observed and simulated pressure profiles for Test Case 1: (a) Vertical step number—5; (b) vertical step num-
ber—9; (c) vertical step number—13; (d) horizontal step number—5; (e) horizontal step number—9; (f) horizontal step 
number—13; relative energy loss in Test Case 2: (g) Variation with flow rate; (h) variation with critical flow depth; pres-
sure variation in Test Case 3: (i) Top face; (j) downstream face and (k) upstream face. 
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Table 2. Performance indices for validation tests. 

Test Case RMSE Bias E 
1 (pressure; present) 0.56 to 1.03 Kpa 0.76 to 1.01 Kpa 0.65 to 0.93 

1 (pressure; Chen et al. [36]) 0.61 to 1.60 Kpa −0.88 to −1.29 Kpa 0.65 to 0.85 
2 (Figure 3g) 0.164 m −0.155 m 0.567 
2 (Figure 3h) 0.094 −0.074 0.526 

3 0.012 to 0.037 m −0.028 to 0.006 m 0.85 to 0.96 

It can be observed that the correlation (Test Case 1: 0.65 to 0.93; Test Case 2: 0.52 to 
0.56; Test Case 3: 0.85 to 0.96) between observed and modeled profiles is satisfactory. 
Numerically simulated profiles by Chen et al. [36] are also compared with experimental 
data in Figure 3a,f. It was observed that all three performance indices were marginally 
better for present simulations (RMSE: 0.56 to 1.03 Kpa; Bias: 0.76 to 1.01 Kpa; E: 0.65 to 
0.93) as compared to the simulations reported by Chen et al. [36] (RMSE: 0.61 to 1.60 
Kpa; Bias: −0.88 to −1.26 Kpa; E: 0.65 to 0.85). Simulated energy loss in Test Case 2 was 
compared with experimental data [19] in Figure 3g. It can be observed from Figure 3g 
that the energy loss decreased as the flow rate increased. Moreover, the relative energy 
loss (ratio between energy loss due to steps and total energy at the crest of first step) de-
creased as the relative critical flow depth (ratio between critical depth and step height) 
increased (Figure 3h). Nikseresht et al. [29] had performed numerical simulations for 
this case earlier. Their results are also presented in Figure 3g,h. It can be observed that 
the difference in results obtained in the present study and results reported by Nikseresht 
et al. [29] is insignificant. In Test Case 3, total pressure head profiles at upstream, down-
stream and top face of aluminum test block in the experiments conducted by Sindelar 
and Smart [17] were compared with the simulated results. The results are presented in 
Figure 3i,k. It can be observed in Figure 3i–k and Table 2 that the numerically simulated 
results matched satisfactorily with the observed values in the experiment (RMSE: 0.012 
to 0.037 m; Bias: -0.028 to 0.006 m; E: 0.85 to 0.96). 

It can be concluded from the results presented in this section and from previous 
studies [31–33,35,48,49] that the ANSYS-CFX model can be effectively used for perform-
ing numerical experiments to simulate flows in step-pools in steep channels. Results ob-
tained from such numerical experiments can be analyzed to gain insight into the energy 
loss due to step-pools in mountainous channels. 

2.3. Numerical Experiments for Energy Loss 
The validated ANSYS-CFX model was utilized to conduct numerical experimental 

runs for energy loss in nature-like step-pools in steep open channels. The photographs 
shown in Figure 4a–c show a natural step-pool, skimming flow and nappe flow in a 
mountainous channel in the Western Ghats, India. Based on the above photograph, and 
photographs of mountainous channels available in the literature, a sequence of nature-
like-step such as shown in Figure 5 was assumed for numerical experimental runs. Un-
like a stepped spillway, the nature-like step-pool has both vertical and horizontal incli-
nations at each step. All numerical experimental runs were conducted for different su-
percritical flows at the crest of the first step. Numerical experimental runs were conduct-
ed for different step-pool geometries and flow conditions as presented in Tables 3 and 4. 
The total length (L), height (H) and width of the computational domain were 5.6 m, 0.5 
m and 0.76 m, respectively. The length of the computational domain for upstream and 
downstream section from the inlet is 1.72 m and 4.03 m, respectively. 
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Figure 4. Field photos: (a) Typical step-pool system (b) skimming flow (c) nappe flow. 

 
Figure 5. Characteristic dimensions of step-pool system. 

Table 3. Details of numerical experiments for studying the effect of flow rate. 

Run No Slope 
(°) 

𝜽𝜽𝟏𝟏 
(°) 

𝜽𝜽𝟐𝟐 
(°) 

q 
(m2 s−1) Flow Regime 

1 7.7 10 40 0.015 Nappe 
2 7.7 10 40 0.030 Nappe 
3 7.7 10 40 0.050 Nappe 
4 7.7 10 40 0.075 Nappe 
5 7.7 10 40 0.099 Transition 
6 7.7 10 40 0.160 Transition 
7 7.7 10 40 0.224 Transition 
8 7.7 10 40 0.268 Skimming 
9 7.7 10 40 0.300 Skimming 

10 7.7 10 40 0.350 Skimming 
11 7.7 10 40 0.400 Skimming 
12 7.7 10 40 0.500 Skimming 
13 7.7 10 40 0.550 Skimming 
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Table 4. Details of numerical experiments for studying the effect of horizontal and vertical face in-
clinations on energy loss. 

Run No Slope (°) 𝒉𝒉
𝒍𝒍  𝜽𝜽𝟏𝟏 (°) 𝜽𝜽𝟐𝟐 (°) q (m2 s−1) Scenarios 

14 8.0 

0.21 

2 
40 

0.224 

Scenario 1 15 7.9 5 
07 7.8 10 

16 10.5 
2 

55 Scenario 2 
5 

17 8.5 
10 

18 5.0 
19 11.0 2 

70 Scenario 3 20 9.8 5 
21 7.8 10 

Flow varies in step-pool sequences in a mountainous channel, either during a flood 
or from season to season. This variation in flow affects the flow regime. Three distinct 
flow regimes: Nappe, transition and skimming flow have been observed in nature as 
well as earlier laboratory experiments. Therefore, a total of 13 (runs #1 to #13) numerical 
experimental runs were conducted for different Froude numbers at upstream section by 
varying the flow rate (q) in order to study the occurrence of different flow regimes in 
step-pools. Flow rate per unit width was varied from 0.015 m2 s−1 to 0.55 m2 s−1 (Table 3). 
In these numerical experimental runs, length (l), height (h), horizontal face inclination 
(𝜃𝜃1), vertical step inclination (𝜃𝜃2) and slope of step-pool sequence were kept constant as 
0.77 m, 0.162 m, 10°, 40° and 7.7°, respectively. The present numerical experimental runs 
were also used to understand how the energy loss in a step-pool system is affected by 
the flow regime. These values were chosen based on the field data reported by Agostino 
and Michelini [27]. 

Eight more (runs #14 to #21) numerical experiments were conducted to study the ef-
fect of step-pool geometry on the energy loss, where the values of the horizontal face in-
clination (𝜃𝜃1) and the vertical face inclination (𝜃𝜃2) (Figure 5) varied from 2° to 10° and 40° 
to 70°, respectively (Table 4). Variations in horizontal and vertical face inclinations affect 
the bed slope of step-pool. Along with the variation in inclinations of vertical and hori-
zontal slopes, bed slope was varied such that ℎ

𝑙𝑙
 value was kept constant at 0.21 as shown 

in Table 4 because several previous studies indicated that the energy loss strongly de-
pends upon ℎ

𝑙𝑙
. Here, h = vertical distance from the crest of step to bottom most point in 

pool and l = horizontal distance from crest to next crest. All energy loss values were de-
termined for step-pool 2. Slope of step-pool varied from 7.7° to 11°. Sand grain rough-
ness (ks) value for step-pool bottom was specified as 2.55 × 10−4 m. 

All numerical experiments were conducted for 3D flow conditions using ANSYS-
CFX with specified (i) flow rate at the inflow section, (ii) flow depth at the outflow sec-
tion and (iii) bed roughness (equivalent sand grain roughness height, ks). Boundary con-
ditions were specified as described earlier. The total energy TEu at a section upstream 
(section u) and total energy TEd at a section downstream (section d) of step-pools  
(Figure 5) were determined. Energy loss (ΔE) between these sections “u” and “d” due to 
the three step-pools was calculated as the difference between TEu and TEd. 

2.4. Dimensionless Parameters for Energy Loss 
Energy loss due to step-pools was analyzed using a functional relationship pro-

posed by Chinnarasri and Wongwises [19], extended to include additional non-
dimensional parameters such as horizontal and vertical face inclinations to understand 
the water pooling effect. 
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∆𝐸𝐸𝑟𝑟 =
∆𝐸𝐸
𝑇𝑇𝑇𝑇𝑢𝑢

= 𝐹𝐹 �𝜃𝜃1,𝜃𝜃2,
𝑉𝑉𝑢𝑢

�𝑔𝑔𝐻𝐻𝑢𝑢
,
ℎ
𝑙𝑙
� (15) 

where ∆𝐸𝐸 = energy loss between section u and d as shown in Figure 5; 𝑉𝑉𝑢𝑢 = average ve-
locity at upstream section; 𝐻𝐻𝑢𝑢 = average flow depth at upstream section; l = step-pool 
length; h = step-pool height; 𝜃𝜃1 = horizontal face inclination; 𝜃𝜃2 = vertical face inclination; 
∆𝐸𝐸𝑟𝑟 = relative energy loss; 𝑉𝑉𝑢𝑢

�𝑔𝑔𝐻𝐻𝑢𝑢
 = Fu = Froude number at the upstream section; and ℎ

𝑙𝑙
 = ra-

tio between step-pool height to length. In this study, effects of 𝜃𝜃1, 𝜃𝜃2 and Fu on the ener-
gy loss are investigated. Effect of the ratio between step-pool height and length �ℎ

𝑙𝑙
� was 

not investigated, as this effect has already been studied by many researchers [30,50]. 

3. Results and Discussions 
3.1. Effect of Flow Rate 

Velocity vectors and vorticity contours on the central vertical plane of the domain 
for three different unit flow rates (0.015, 0.16 and 0.55 m2 s−1) are shown in Figures 6 and 
7, respectively. The vorticity is the microscopic measure of rotation of fluid [45]. It can be 
observed that when the inflow rate was 0.015 m2 s−1, circulation occurred in the upper 
regions of the pool and free surface was almost horizontal. Velocity and vorticity in cir-
culation zone varied from 0 to 0.35 m s−1, and from 6 to 30 s−1, respectively, and the flow 
was subcritical. This type of flow pattern is classified as “nappe” flow regime. For more 
details, the circulation pattern for nappe flow is shown in Figure 8 for three different in-
flow rates: q = 0.015 m2 s−1; q = 0.03 m2 s−1 and q = 0.075 m2 s−1 (at the verge of transition). It 
can be observed from Figure 8 that nappe flow occurred below the circulation zone in 
each pool for inflow rates 0.015 m2 s−1 and 0.03 m2 s−1. The circulation zone is shifted to 
almost bottom of the pool when the inflow rate was 0.075 m2 s−1 and the onset of the 
“transition flow” regime occurred (Figure 8c). Similarly, when the inflow rate was in-
creased to 0.16 m2 s−1, circulation zones were shifted from the top to lower part of the 
pool. Moreover, velocity and vorticity in circulation zone increased as compared to 
nappe regime (0 to 0.56 m2 s−1; 13 to 30 s−1) and free surface was observed to be wavy 
(Figure 6b). When the flow rate was 0.55 m2 s−1, velocity and vorticity in circulation 
zones increased further up to 1 m s−1 and 30 s−1, respectively, and the wavy free surface 
disappeared, resulting in a horizontal free surface. This flow regime is classified as 
“skimming” flow regime. Similar flow regimes were observed for step-pools in experi-
ments conducted by Sindelar and Smart [17] and Baki et al. [32]. 

 
Figure 6. Velocity vectors on central vertical plane for flow in step-pools: (a) Nappe flow (q = 0.015 
m2 s−1); (b) transition flow (q = 0.16 m2 s−1); and (c) skimming flow (q = 0.55 m2 s−1). 
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Figure 7. Vorticity contours: (a) Nappe flow (q = 0.015 m2 s−1); (b) transition flow (q = 0.16 m2 s−1); 
and (c) skimming flow (q = 0.55 m2 s−1). 

 
Figure 8. Circulations in step-pool 2: (a) Nappe flow (q = 0.015 m2 s−1); (b) nappe flow (q = 0.03 m2 
s−1); (c) nappe flow (q = 0.075 m2 s−1) on verge of transition flow. 

Numerical results were used to estimate the energy loss in step-pool 2 and the re-
sults are presented in Figure 9. For nappe flow conditions, energy loss (ΔE) decreased 
marginally although the flow rate was increased by five times (Figure 9a). Darcy 
Weisbach friction factor (f) is calculated using the energy loss, average flow depth, veloc-
ity and length of step-pool 2. The variation of the friction factor with flow rate is shown 
in Figure 9a along with energy loss. It is noticed that f varied from 0.20 to 0.25 for nappe 
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flow, 0.25 to 0.17 for transition flow and 0.17 to 0.15 for skimming flow. As expected, 
friction factor is high at low flow rate (0.015 m2 s−1 to 0.075 m2 s−1) and decreased at high-
er flow rates (0.075 m2 s−1 to 0.55 m2 s−1). However, energy loss increased from low flow 
rate (transition flow) to higher flow rate (skimming flow) and it is discussed below. It 
may be noted that for this range of variation in flow rate, Froude number at upstream 
section (Fu) remained almost constant at 1.50 (Figure 9b). Moreover, the length and 
height of the circulation zone were almost similar for all nappe flow simulations (Figure 
8a,b). This resulted in only marginal variation in energy loss although the flow rate was 
increased by five times. It can be observed from Figure 8b that changing of flow regime 
from nappe flow to transition flow occurred when the flow rate was increased to 0.1 m2 
s−1. For this flow rate, there is a sudden increase in Froude number at upstream section. 
Sindelar and Smart [17] also reported similar observations in their experimental work. In 
the skimming flow regime, there was a two-fold increase in the Froude number at the 
upstream section as the flow rate was increased by 2.5 times (Figure 9b). Moreover, un-
like in the nappe flow regime, energy loss increased by more than four times for the 
above increase in the inflow rate in the skimming flow regime. It may be noted that 
these observations for flow patterns in step-pools are quite different from the earlier ob-
servations on flow patterns in stepped spillways. The energy loss in a stepped spillway 
reduced as the flow rate increased [19] unlike the increase in energy loss with an in-
crease in flow rate in a step-pool system. It can be due to: (i) Increase in the length of re-
circulation zone from 0.06 m (transition flow) to 0.10 m (for skimming flow) (Figure 10) 
and (ii) increase in velocities in circulation zone from 0 to 0.56 m s−1 (for transition re-
gime) to 0–1.53 m s−1 (for skimming regime) as the flow rate increased from 0.16 m2 s−1 to 
0.55 m2 s−1 (Figure 10). The energy loss is also correlated to the vorticity. The vorticity in-
creased from 12–30 s−1 for transition flow, to 24–30 s−1 for skimming flow (Figure S3). 
There is also an increase in the spatial extent (from 0.04 m to 0.10 m) (Figure S3) where 
the vorticity is significant. 

 
Figure 9. Effect of flow rate in three flow regimes on (a) energy loss and Darcy Weisbach friction 
factor; (b) Froude number at upstream section and (c) relative energy loss. 
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Figure 10. Circulations in step-pool 2: (a) Transition flow (q = 0.16 m2 s−1); (b) skimming flow. (q = 
0.268 m2 s−1); (c) skimming flow (q = 0.55 m2 s−1). 

The relationship between, relative energy loss Er and yc/h between upstream and 
downstream sections is shown in Figure 9c. In nappe flow, Er decreased although energy 
loss due to step-pool was nearly constant. This is because the total energy at the crest of 
the step-pool increased for the nappe regime. For transition and skimming flow, Er in-
creased marginally from 0.39 to 0.46 (Figure 9c). For transition and skimming regimes, 
total energy at the upstream section and energy loss varied from 0.41 m to 1.63 m, and 
from 0.16 m to 0.76 m, respectively. In the skimming flow regime, in the study reported 
by Felder [25], Er decreased from 0.73 to 0.58 for flat steps and from 0.60 to 0.49 for 
pooled steps. The reason for this difference in behavior could be due to difference in ge-
ometrical configuration in Felder [25] as compared to the present study. Water pooling 
was created in the study by Felder [25] using end sills whereas in this study the pool was 
created with horizontal and vertical slopes as shown in Figure 4. 

The values of relative energy loss for nappe flows were compared with values ob-
tained using the empirical model proposed by Agostino and Michelini [27]. The empiri-
cal model was developed for only nappe flows and the relative energy loss was ex-
pressed as a function of only relative pool depth. Estimated relative energy loss values 
from Agostino and Michelini [27] model were 0.414, 0.411, 0.400 and 0.370 whereas the 
simulated results were 0.280, 0.276, 0.300 and 0.201 for relative pool depth of 0.863, 0.874, 
0.910 and 1.050, respectively. Relative pool depth was defined as the ratio of water depth 
in the pool to step height. The comparison indicated an average difference of 34% in the 
values. This difference was expected because the field investigations of Agostino and 
Michelini [27] having irregular sized boulders lumped all the effects of all the parame-
ters other than the relative pool depth into the empirical coefficient and exponent. Pre-
sent simulations do not include the effect of geometric variations in the transverse direc-
tion. 
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3.2. Effect of Horizontal and Vertical Face Inclinations 
Numerical experiments were conducted to investigate the effects of horizontal and 

vertical face inclinations on the energy loss due to step-pools, while keeping other condi-
tions (length of step = 0.77 m, height of step = 0.162 m, flow rate = 0.224 m2 s−1) constant 
(Table 4). Even though horizontal and vertical face inclinations are changed, the values 
of h and l were chosen in such a way that the ratio is always 0.21 (Table 4). First, varia-
tion in the energy loss was studied by keeping vertical face inclination constant and var-
ying the horizontal face inclination. Energy loss increased by 10.8%, 31.3% and 52.7% as 
the horizontal face inclination varied from 2° to 10° (Figure 11a), for the inclination of 
vertical face, 𝜃𝜃2 = 40° (scenario 1), 55° (scenario 2) and 70° (scenario 3), respectively. Dar-
cy Weisbach friction factor increased from horizontal face inclination 2° to 5° and de-
creased from 5° to 10° (Figure 11a). Reason for this fluctuation is not known at this junc-
ture and needs to be explored with further investigation. An increase in horizontal face 
inclination resulted in an increase in the size of the circulation zone in the pool  
(Figure 12) and also an increase in the spatial extent in the pool where the vorticity is 
significant, i.e., 30 s−1 (Figure S4). This has increased the energy loss. Similar observations 
were made in the experimental work carried out by Chinnarasri and Wongwises [19] for 
stepped chutes, where the angle of inclination of the horizontal face was varied from 10° 
to 30° and the angle of inclination of the vertical face was zero. It may be noted that the 
horizontal inclination for step-pools in mountain streams usually varies between 2° and 
10°. Moreover, slope of chute in the study conducted by Chinnarasri and Wongwises 
[19] varied from 30° to 60°, whereas the slope of step-pools mostly varied from 2.9° to 
11.4° in nature [27]. Therefore, the present numerical experimental runs added to our 
understanding of the effects of horizontal and vertical faces on the energy loss in chan-
nels with milder bed slopes. 

 
Figure 11. Effect of horizontal and vertical face inclinations on energy loss and Darcy Weisbach 
friction factor: (a) Effect of 𝜃𝜃1 (b) effect of 𝜃𝜃2. 
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Variation in the energy loss was then studied by keeping horizontal face inclination 
constant and varying the vertical face inclination from 40° to 70°. The same numerical 
simulations which have been used in the previous section are rearranged here to deline-
ate the effect of vertical face inclination as shown in Figure 12b. Energy loss decreased 
by 65.1%, 58.5% and 52.2% as the vertical face inclination was varied from 40° to 70° 
(Figure 11b), for the inclination of horizontal face, 𝜃𝜃1 = 2° (scenario 4), 5° (scenario 5) and 
10° (scenario 6), respectively. Darcy Weisbach friction factor decreased by 75%, while 
vertical face inclination increased from 40° to 70° (Figure 11b). When vertical face incli-
nation (𝜃𝜃2) increases, energy loss and Darcy Weisbach friction factor decrease because 
an increase in 𝜃𝜃2 leads to a flatter vertical face, thereby the water flows smoothly from 
the crest of the step to the bottom of the pool and recirculation disappears as shown in 
Figure 13. This is corroborated by the fact that the vorticity decreased from 30 s−1  
(Figure S5a) to 6 s−1 (Figure S5c) as the vertical face inclination increased. It is also very 
clear from Figure S5 that there has been a significant reduction in the spatial extent over 
which vorticity is more than 6 s−1. 

 
Figure 12. Velocity vectors on central vertical plane for step-pools: (a) 𝜃𝜃1 = 2°, 𝜃𝜃2 = 40°; (b) 𝜃𝜃1 = 5°, 
𝜃𝜃2 = 40°; and (c) 𝜃𝜃1 = 10°, 𝜃𝜃2 = 40°. 
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Figure 13. Velocity vectors on central vertical plane for step-pools: (a) 𝜃𝜃1 = 10°, 𝜃𝜃2 = 40°; (b) 𝜃𝜃1 = 
10°, 𝜃𝜃2 = 55°; and (c) 𝜃𝜃1 = 10°, 𝜃𝜃2 = 70°. 

3.3. Multiple Step-Pools 
In nature, there can be multiple step-pools, occurring in a sequence. It is important 

to study the variation in energy loss from the first step-pool to the last step-pool, because 
of the interaction effect of step-pools. In this section, energy loss variation in step-pools 
1–3 was investigated when flow was nappe, transition and skimming. In these simula-
tions, length (l), height (h), horizontal face inclination (𝜃𝜃1), vertical face inclination (𝜃𝜃2) 
and slope of sequence of step-pools were kept constant as 0.77 m, 0.162 m, 10°, 40° and 
7.7°, respectively. 

In nappe flow (q = 0.015 m2 s−1), the difference in energy loss induced by each indi-
vidual step-pool was not significant. Energy losses in step-pools 1–3 were 0.048 m, 0.047 
m and 0.046 m, (5% difference), respectively (Figure 14). The total energy loss for the 
combination of three step-pools was 0.142 m, which is almost equal to three times the 
energy loss in an individual step-pool, i.e., the energy loss increases linearly with the 
number of step-pools in a given reach if the flow regime is nappe flow. For transition 
flow (q = 0.16 m2 s−1), energy losses in step-pools 1–3 were 0.066 m, 0.059 m and 0.054 m, 
(18% difference), respectively (Figure 13). While there is a gradual decrease in the energy 
loss in the downstream step-pools, this decrease is not significant. Total energy loss for 
all the three steps combined is equal to 0.180 m, which is equal to three times the energy 
loss in the central step. Here also, one can assume that the energy loss varies more or less 
linearly with the number of step-pools in a reach. It was observed that upstream Froude 
numbers (Fu = 1.5) at crests of all step-pools was almost constant for nappe and transition 
flows. Spatial variation of velocity vectors on the central vertical plane for step-pools 1–3 
are similar as shown in Figure 6a,b for nappe and transition flows, respectively. It can be 
concluded that each step-pool acted as an individual unit, and flow patterns in all the 
three step-pools were similar. 
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Figure 14. Spatial variation in energy loss in different flow regimes. 

In skimming flow (q = 0.55 m2 s−1), Figure 14 shows that energy loss induced in step-
pools 1–3 are 0.152 m, 0.110 m and 0.083 m, respectively. This shows a significant spatial 
variation (40%) in energy loss. Total energy loss for all the three step-pools was 0.34 m, 
which is significantly lesser than the energy loss in first step-pool multiplied by 3. This 
spatial variation in energy loss occurs because the flow in step-pool 1 affects flow in 
step-pool 2, which in turn affects the flow in step-pool 3. It is noted from Figure 6c that 
the depth averaged flow velocity and depth at crest of step-pools 1–3 are 4.56 m s−1, 3.63 
m s−1, 3.44 m s−1 and 0.12 m, 0.15 m, 0.16 m, respectively. It is interesting to note that 
Chinnarasri and Wongwises [19] also observed exponential relation between relative en-
ergy loss and number of steps for skimming flow, in the context of stepped spillways. 

In this paragraph, results presented in the above sections are discussed in the over-
all context of energy loss in mountainous channels. A simple empirical equation for 
head loss in steep mountainous channels with step-pools is needed for the development 
of appropriate hydrodynamic models for these channels. While many previous studies 
have dealt with quantifying head loss in stepped spillways, only few studies [27] have 
dealt with head loss in steep natural channels with step-pool formation. However, flow 
structure in natural channels with step-pools will be different from that in flows over 
stepped spillways because (i) typical slopes of natural channels are smaller than those 
adopted for stepped spillways and (ii) the pooling of water in natural channels could oc-
cur due to inclination of both vertical and horizontal faces. Numerical experimental re-
sults presented in this study clearly demonstrate that the inclinations of vertical and hor-
izontal faces affect the flow structure and the vorticity of flow in the water pool and thus 
the energy loss. Moreover, earlier empirical equation for head loss in natural channels 
with step-pools [27] was mostly based on the field data for nappe flow regime. Numeri-
cal experimental results presented in this study demonstrate that the flow structure and 
the vorticity of flow in the water pool are significantly different for a skimming flow as 
compared to that for a nappe flow. This in turn affects the way head loss occurs in a 
skimming flow as compared to that in a nappe flow. Earlier empirical equations for head 
loss in natural step-pool channels considered only relative pool depth as the affecting 
parameter. 

As mentioned earlier, Darcy Weisbach friction factor (f) is calculated using the en-
ergy loss, average flow depth, velocity and length of step-pool 2 for the 21 numerical 
runs. The respective horizontal and vertical face inclinations and Froude numbers along 
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with Darcy Weisbach friction factor is tabulated in Supplementary Table S1. The data is 
used to develop a simple empirical power law equation as shown below with R2 value of 
0.87. The power law was found to be the most reasonable functional relation while stud-
ying flow resistance [31,35]. Authors did not consider ratio of step height to length since 
it is not investigated in this study. 

𝑓𝑓 = 2𝐹𝐹𝑢𝑢−0.60𝜃𝜃10.27𝜃𝜃2−0.70 (16) 

It can be seen from Equation (16), Figure 9a,b and Figure 11b that Froude number at 
the upstream section and vertical face inclination have negative correlation with the 
Darcy Weisabch friction factor, while horizontal face inclination has positive correlation. 
However, this study used a limited number of numerical data to develop the equation 
and further extensive simulated data is necessary to illustrate the equation in a better 
way. 

Present numerical experimental results also showed that the cumulative energy loss 
in a channel with a sequence of step-pools is linearly dependent on the number of step-
pools for nappe and transition flows, while it is a non-linear function in the case of 
skimming flows. This observation is useful from the perspective of making field meas-
urements for energy loss. It can be concluded that when a sequence of step-pools exist in 
the field, one needs to collect energy loss data for only one step-pool when flow is either 
nappe or transition, provided all step-pools are more or less similar geometrically. How-
ever, for skimming flows, energy loss data needs to be collected from all the step-pools 
in order to gain insight into the interactive effect. 

4. Conclusions 
Systematic hydrodynamic model studies have been carried out to gain insight into 

how flow rate and geometric parameters affect the macroscopic flow structure and thus 
the energy loss in step-pool channels. While an equation for energy loss in mountainous 
channels is not proposed in this work, results presented here will help to develop an 
empirical equation for energy loss. The following conclusions are derived from the pre-
sent study: 
(i) For a given step-pool channel, three distinct flow regimes: Nappe, transition and 

skimming, could be identified as the flow rate increased from low to high. 
(ii) In the numerical experiments conducted for nappe flow, the energy loss decreased 

as the flow rate increased. However, this decrease is marginal and the energy loss 
was more or less constant at 0.15 m. Energy loss increased from 0.18 m to 0.55 m 
while the flow regime changed from transition to skimming. 

(iii) Darcy Weisbach friction factor high at low flow rate (0.015 m2 s−1 to 0.075 m2 s−1) and 
decreased at higher flow rates (0.075 m2 s−1 to 0.55 m2 s−1) in step-pool system. 

(iv) Energy loss in step-pools is positively correlated with the size of recirculation zone, 
velocity in the recirculation zone, vorticity and the spatial extent over which the 
vorticity is high. 

(v) When horizontal face inclination was increased from 2° to 10°, energy loss increased 
by 31.6% and Darcy Weisbach friction factor fluctuated; further investigation is re-
quired to understand this behavior. 

(vi) When vertical step inclination was increased from 40° to 70°, energy loss and Darcy 
Weisbach friction factor decreased by 58.6% and 75%, respectively. 

(vii) The behavior of step-pool sequence for nappe and transition flow regimes was 
markedly different from that for skimming flow regime. Energy loss is linearly re-
lated to the number of step-pools for nappe and transition flows, whereas it is a 
nonlinear function for skimming flows. 

Supplementary Materials: The following are available online at www.mdpi.com/2073-
4441/13/1/71/s1, Figure S1: Mesh details: (a) for complete geometry; (b) near the bottom of channel, 
Figure S2: Vorticity contours for Figure 8: (a) nappe flow (q = 0.015 m2 s−1); (b) nappe flow (q = 0.03 
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m2 s−1); (c) nappe flow (q = 0.075 m2 s−1) on verge of transition flow, Figure S3: Vorticity contours 
for Figure 10: (a) transition flow (q = 0.16 m2 s−1); (b) skimming flow (q = 0.268 m2 s−1); (c) skimming 
flow (q = 0.55 m2 s−1), Figure S4: Vorticity contours for Figure 12: (a) 𝜃𝜃1 = 2°, 𝜃𝜃2 = 40°; (b) 𝜃𝜃1 = 5°, 𝜃𝜃2 = 
40° and (c) 𝜃𝜃1 = 10°, 𝜃𝜃2 = 40°, Figure S5: Vorticity contours for Figure 13: (a) 𝜃𝜃1 = 10°, 𝜃𝜃2 = 40°; (b) 𝜃𝜃1 
= 10°, 𝜃𝜃2 = 55° and (c) 𝜃𝜃1 = 10°, 𝜃𝜃2 = 70°. Table S1: Numerical data used for empirical equation de-
velopment. 
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