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SI1: Numerical model verification for result independence

The model using SA-IDDES was validated and compared against Smagorinsky LES
model in OpenFOAM by simulating five-layer low-Re case in Manes et al. (2009). Three
different mesh resolutions, DES1 with 4.8 million cells, DES1p33 with 12.1 million cells
(1.33x finer than DES1) and LES2 with 40.5 million cells (2x finer than DES1), were per-
formed in the domain of L x W = 30D x 15D in the depth of H,, = 1.67D and H; =
5D. The boundary conditions are periodic in both streamwise (L) and spanwise (W) di-
rections, non-slip at the bottom of porous media and at spheres, and symmetric at the
top of water surface in vertical direction (H). The results were compared with PIV ex-
periment of Manes et al. (2009) and LES simulation of Lian et al. (2021). Figures la-

d show agreement among experiment, DES and LES models with different mesh reso-
lutions.

In addition to DES/LES and mesh resolutions, we performed detailed analysis to
establish result independence considering domain size and integration time. Four differ-
ent domain sizes, L x W=18D x 9D (2.5 million cells), 36D x 18D (10.1 million cells),
72D x36D (40.5 million cells), and 90D x36D (50.6 million cells) in the depth of H,, =
13.38D and Hjy = 4.46D with the same mesh resolution, were tested to ensure the mod-
eling domain is large enough to apply periodic boundary conditions. The statistics for
turbulence quantities become consistent when the domain is larger than 36 Dx 18D (Fig-
ures le-g), which is considered as the most cost-effective size and this simulation domain
is selected in the current study.

Double-averaging method is used to study the turbulence statistics while using pe-
riodic boundary conditions. To ensure the simulation time is sufficiently long to construct
the representative vertical profile, the analysis of integration time is performed to de-
termine appropriate simulation flow cycles. Two simulation time, 167 and 234 flow cy-
cles, were performed and they both show good convergence in Figures 1h-j. Therefore,
running the simulation for at least 200 flow cycles is considered reliable for turbulence
statistics while using periodic boundary conditions and double-averaging method.

SI2: Numerical setup and parameter selection for all simulation cases

Table 1 summarizes all cases that have been examined in the present study, aim-
ing to expand the existing dataset for high Reynolds number and bed roughness.

S13: Collection of D.ss/D,, dataset for model foundation

Table 3 integrates field and flume data from earlier studies (O’Connor & Harvey,
2008; Grant et al., 2012; Voermans et al., 2018) along with our numerical results. The
dataset combines 93 field and flume samples and 17 simulations in current study.
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Figure 1. (a), (b), (c) and (d) Model validation of DES/LES and mesh resolutions for U, /Us,
V< uw >/ us, ou/ur and oy /us. (e), (f) and (g) justification of domain size for U, /u. and
V< uww >/us. (h), (i) and (j) justification of integration time.



Table 1. Parameter selection of total 14 simulations.
Case name Bed type 1) H, H, U, Uy K Re, Rey,
(Symbol) (m)  (m) (m/s) (m/s) (m?)
Base case impermeable | N/A  0.134 N/A 1 0.093 N/A 2326.84 N/A
. hyporheic 0.6 0.134 0.045 1 0.168 7.5 x 1077 4208.44  145.79
Low Re impermeable | N/A 0.134 N/A 0.1 0.008 N/A 192.06 N/A
o hyporheic 0.6 0.134 0.045 0.1 0.013  7.5x 1077 319.60 11.07
Moderate Re | impermeable | N/A 0.134 N/A 0.5  0.045 N/A 1119.01 N/A
° hyporheic 0.6 0.134 0.045 0.5 0.074 7.5 %1077 1839.88 63.74
High Re impermeable | N/A 0.134 N/A 10 1.036 N/A 25896.83  N/A
° hyporheic 0.6 0.134 0.045 10 2.006 7.5 %1077 50137.81 1736.83
Compact impermeable | N/A  0.107 N/A 1 0.099 N/A 2485.13 N/A
A hyporheic 0.4 0.107 0.036 1 0.131  9.877 x 1078 3276.29 41.19
Shallow impermeable | N/A  0.045 N/A 1 0.123 N/A 3063.98 N/A
| hyporheic 0.6 0.045 0.045 1 0.345  7.5x 1077 8624.99  298.78
Deep impermeable | N/A 0.312 N/A 1 0.069 N/A 1724.24 N/A
| hyporheic 0.6 0.312 0.045 1 0.097 7.5 %1077 2425.96 84.04

* Particle diameter (D) is 0.01 m and roughness height (ks

Garcia, 2008) for all cases.

** Permeability (K) is computed by the KozenyCarman model : K =

(1972).

= 2.5D) is 0.025 m (Engelund, 1970;

3.2 .
ﬁ (p. 166 in Bear

#4% All cases are simulated as incompressible and isothermal with v = 1 x 107% m?/s at 20 °C.
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Table 4.

Five best models of D¢yy/Dy, fitness in MLR analysis

Model

| R* | AIC | VIF |

D
eff _ Re,lc'ogRe}{'g‘*

| 0.984 | 127 | 1.00 |

D,
L1 — Rel-31 Re0-39

| 0.98 | 149 | 1.03 |

| 0.974 | 178 | 1.00 |

Deyy Re,1€'71¢*7~59

| 0.969 | 195 | 1.06 |

D.
| it = Refitrep

Deit = Re}l3Red*0 | 0.968 | 198 | 1.00 |

SI4: Five best models of D.;s;/D,, fitness in MLR analysis

Table 4 summarizes the 5 models with best fitness to the training data of Dess/Dy,
(Table 4).

SI5: Collection of K . dataset for model foundation

Table 5 integrates dataset reported by O’Connor et al. (2009), Han et al. (2018)
and Voermans et al. (2018). The dataset that includes smooth to fully rough beds and
low to high permeabilities for mass transfer coefficient (Steinberger & Hondzo, 1999; O’Connor
& Hondzo, 2008; O’Connor et al., 2009; Nagaoka & Ohgaki, 1990; Elliott & Brooks, 1997;
Marion et al., 2002; Packman et al., 2004; Tonina & Buffington, 2007; Voermans et al.,
2017).
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