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FLOODPLAIN MANAGEMENT ANNUAL CONFERENCE &
2-D MODELING SYMPOSIUM
September 3-6, Marriott Hotel, Anaheim, California

September 3™ 2-D Modeling Symposium
Exploring “Best Practices” for 2-D Flood Modeling and Mapping

Engineering Method Selection and Application

The Effect of Orientation of Square 2D Grid Elements on Possible Hydraulic Bias in
Multiple-Direction Flow Hydraulic Models

N. Jordan (1), Presenter; and T.V. Hromadka II (2)
Abstract:

Multiple directional flow models, such as occasionally used and developed for modeling of
unsteady flow in two dimensions, are governed by the well-known flow equations of continuity
and momentum. Some of these models use quasi one-dimensional flow rate estimates of flows as
applied in the four principal directions along Cartesian coordinate axes and then budget the
source and receiving modeling control volumes or cells in order to track mass balance or mass
conservation. In this paper is presented the results of research into this topic that are presented in
detail and published in the Journal of Hydrology. This paper concludes that mis-alignment of an
array of square grid elements in a steady uniform flow results in the greatest error (slight
underestimation of flow depth) when the misalignment angle is about 13 degrees, not 45 degrees
as previously thought. The bias is about the same as or less than the magnitude of other
uncertainties in hydraulic models, and would be compensated for during customary model
calibration. Because of the near-uniformity of the slight bias from about 5 degrees to 85 degrees
mis-alignment, it is concluded that the array of square elements can be applied over a complex
drainage system without respect to topographic flow directions.

(1) Consultant, Hromadka & Associates, Rancho Santa Margarita, CA.
Neil M. Jordan, P.E., D.WRE

1 Buckeye

Irvine CA 92604-1909

Mobile 714-270-8422

Fax  949-857-2184

mailto:neiljordan@cox.net

(2) Department of Mathematical Science, United States Military Academy, West Point, NY.
29809 Santa Margarita Pkwy, Rancho Santa Margarita, CA 92688

(949) 709-4314

Ted Hromadka tedhromadka@yahoo.com




THE EFFECT OF ORIENTATION OF
SQUARE 2D GRID ELEMENTS ON
- POSSIBLE HYDRAULIC BIAS IN
MULTIPLE-DIRECTION FLOW
HYDRAULIC MODELS

N.M. JORDAN and T.V. HROMADKA

FLOODPLAIN MANAGEMENT
ANNUAL CONFERENCE & 2-D
MODELING SYMPOSIUM

SEPTEMBER 6, 2013




A REPORT OF FINDINGS FROM RESEARCH
PUBLISHED IN THE JOURNAL OF HYDROLOGY

Foumal of Hydrolagy 319 (2010) 177-185

Contents lists available at ScienceDirect 24
| HYBRE
Journal of Hydrology

journal homepage: www.elsevier.com/lecate/jhydrol

Manning’s cquation and two-dimensional {low analogs

T.V. Hromadka II**' RJ Whitley . N. Jordan®, T. Meyer®?

* Department of Mathematical Sciences. United States Military Academy. West Point. NY. Usa
® Profiessor Emeritus, California State University, CA, USA

? Department of Mathematics, University of { briia, Irvine, CA, USA

4 Exponent Failure Analysis. 320 Goddard Way. Ste 200, Irvine. CA 92618, USA

JULY 2010




RESEARCH TO ANSWER SECOND OF TWO QUESTIONS
RAISED IN APPLICATION OF US GEOLOGICAL SURVEY 2-D
MODEL DEVELOPED BY HROMADKA & YEN IN 1987,
WHICH USED MANUAL GRIDDING OF SQUARE GRID
ELEMENTS OVER TOPOGRAPHIC SURFACE, ALIGNED
APPROXIMATELY TO FLOW STREAMLINES.

WHAT IF SQUARE GRID ELEMENTS ARE NOT

ALIGNED WITH FLOW STREAMLINES?

PAPER REPRINT AND SUPPORT DOCUMENTS AVAILABLE AT
http://www.diffusionhydrodynamicmodel.com/index2.html

e et el e e s e
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USGS DIFFUSION HYDRODYNAMIC MODEL TILES A
TOPOGRAPHIC SURFACE WITH SQUARE GRID ELEMENTS




INTENT IN 1987 WAS TO ALIGN THE GRID ELEMENTS WITH FLOW STREAMLINES

, it )
cell assumed} :
inflow




HROMADKA & YEN (1987) USED TILING ALIGNED WITH
COMPASS DIRECTION. ..
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Figure 10.--Floodplain discretization for two-dimensional

diffusion hydrodynamic model.
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SQUARES ROTATED AND APPROXIMATELY OVERLAPPED




WORST CASE WAS ORIGINALLY CONSIDERED TO BE 45
DEGREES OUT OF ALIGNMENT . ..

assumed cell inflow and
slope of topography

Figure 7. Calculations of Topographic Slope Along Flow Vector Between Nodes C and D.




MIS-ALIGNMENT EFFECT NOTED BY HORRITT & BATES (2001)
HYDROLOGICAL PROCESSES
Hydrol. Process. 15, 825-842 (2001)
DOI: 10.1002/hyp.188
Predicting floodplain inundation: raster-based modelling
versus the finite-element approach
M. S. Horritt* and P. D. Bates
School of Geographical Sciences, University of Bristol, University Road, Bristol BS8 1S5S, UK
Abstract:

“A possible criticism of the cellular approach is that it fails to reproduce some (intuitively
correct) features of floodplain flows. For example, flow may not be parallel to the
free surface gradient, depending on the orientation of the free surface slope
and the model grid, but the two approaches agree when the slope is parallel to one of
the grid axes. The differences between the two models can be derived analytically for a
free surface slope of unit magnitude as a function of direction. The flow vectors differ
in magnitude by a mean value of c. 20% and_in angle by c. 10°. Although these
deviations may be compensated for partially in the friction calibration process (the
cellular approximation predicts larger flows than the diffusive approximation), the effect
on the bulk flow behaviour of the model is unclear, and so both approximations are
tested in this study.”

MAXIMUM EFFECT WAS AT ABOUT 10 DEGREES MISALIGNMENT.




ALIGNMENT QUANDARY WAS APPROACHED
ANALYTICALLY AND EMPIRICALLY FOR A SQUARE GRID
ELEMENT IN STEADY UNIFORM FLOW FIELD.

THE ANALYTICAL APPROACH , STARTING WITH:

“For the considered four-direction flow analog, flow directions are in the
X, y directions only, whereas in an unaligned flow, streamlines are at an
angle h with the positive x-axis. For 2D grid size W, flow velocities in the
projected x- and y-directions are obtained from the streamline flow

velocity, vs, by. . .[Eq. 11]”

vV, = VsinB )
v, = v.cosO r (11)
vi=v?2+v? J




THE ANALYTICAL APPROACH , SOLUTION FOR THE TERM
BETA, THE RATIO OF STEADY UNIFORM FLOW NORMAL
DEPTH TO COMPUTED DEPTH:

“Therefore, the factor, beta, for any angle, can be expressed as a ratio
of normal depth to computed depth [Eq. 31].”

“for theta values between 0 and pi/2. Because gx and gy are known by the
flow analog application, Eq. (31) is readily applied.”




INTRODUCTION OF MANNING’S N SOLUTION FOR THE TERM
GAMMA, THE FACTOR APPLIED TO MANNING’S N SO THAT
COMPUTED DEPTH EQUALS NORMAL DEPTH FOR A SQUARE
GRID ELEMENT IN STEADY UNIFORM FLOW FIELD.

“3. Extension of Manning’s equation

“Erom the previous section, use of a similar application of Manning'’s
equation to flow vectors that are not in alignment with the
considered SSUF problem streamlines may introduce a bias in the
estimation of hydraulic properties. In this section, the identified

possible bias is addressed by redefining the application of the flow
vector friction factor. For the considered SSUF problem, equating
inflow into the grid to grid outflow by the four-direction flow analog
gives [Eq. 32],

“where gamma is a factor applied to Manning’s n value as applied in the
four-direction flow analog such that h4-way = yn [normal depth].”




EQUATION 33, GAMMA AS A FUNCTION OF ANGLE THETA

“From Eqg. (16) and combining with Eq. (32) gives gamma as a function
of angle theta [Eq. 33].”




GAMMA AS A FUNCTION OF ANGLE THETA

10 20 30 40 50 60 70
Degrees

Fig. 2. Plot of ¢th) = [(pcos h)y+ (p sin h)]/cosh + sin h).




SUMMARY:

MIS-ALIGNMENT ANGLE THAT RESULTS IN THE HIGHEST

VALUE OF GAMMA (1.22) IS ABOUT 13 DEGREES.

AVERAGE VALUE OF GAMMA TAKEN AT 1 DEGREE
INCREMENTS FROM 0 TO 90 DEGREES IS 1.19.

AVERAGE VALUE OF GAMMA TAKEN AT 1 DEGREE
INCREMENTS FROM 5 TO 85 DEGREES IS 1.20.

VALUE OF GAMMA AT 45 DEG IS EXACTLY 2~(1/4) OR 1.19.




NOW THE HARD PART -

SET UP ARRAYS OF SQUARE GRID ELEMENTS AT
INCREMENTAL ANGLES TO TEST THE EFFECT OF
MISALIGNMENT.

USGS DIFFUSION HYDRODYNAMIC MODEL.

USE ARRAY OF 20 X 20 GRID ELEMENTS (400 TOTAL).

USE SLOPE AND ROUGHNESS TO CREATE SHALLOW STEADY UNIFORM
SUBCRITICAL FLOW 1 FT DEEP. SUBCRITICAL DRAWDOWN M2 CURVE.

ROTATE ARRAY IN INCREMENTS OF 1:10 (6 deg), 1:5 (11 deg), 1:4 (14
deg), 1:3 (18 deg), 1:2 (27 deg) AND 1:1 (45 deg).

NOTE THAT COMPUTED FLOW DEPTHS IN ALL ROTATED (MIS-
ALIGNED) MODELS WERE SLIGHTLY LESS THAN ACTUAL NORMAL
DEPTH.

INCREMENTALLY INCREASE MANNING’S N UNTIL COMPUTED FLOW
DEPTHS EQUALED ACTUAL NORMAL DEPTH.




ALIGNED MODEL
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MIS-ALIGNED MODEL = AN
14 DEGREES -
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APPLICATION PROBLEM MODEL RESULTS

STEADY STATE UNIFORM FLOW APPLICATION PROBLEM

= GAMMA THEORY

-@-APPLICATION
PROBLEM POINTS

10 20 30 40 50 60 70 8 90
ANGLE (DEG)




APPLICATION PROBLEM MODEL RESULTS —

« SEVEN TEST MISALIGNMENTS (AND SIX MORE BY
SYMMETRY) AGREE WITH THEORETICAL VALUES OF

GAMMA.

ZERO DEGREE (AND 90 DEGREE) ALIGNMENT, AND 45
DEGREE MISALIGNMENT AGREE EXACTLY WITH

THEORETICAL VALUES.




IS THIS BIAS A PROBLEM?

“Investigation of a ratio with respect to Manning’s n, as
opposed to introducing a new factor into Manning’s
equation, is justified for the typical application of USGS
DHM to analyze shallow overland flow in floodplains.
Engman (1989) has shown that the governing flow
equations can be solved with proper boundary conditions

and the selection of only one parameter, Manning’s n.”




IS THIS BIAS A PROBLEM?

“It might be concluded that Manning’s n could be adjusted
for each element so that computed depths match actual
depths. However, the small variation in Manning’s n across
the wide range of streamline flow angles with respect to the
element alignments makes this an ineffective process that
might indeed be superfluous. For usual cases where random
streamline trajectory variability within the floodplain flow is

greater than a few degrees from perfect alignment, the ratio
v(O) appears to be implicitly included in the Manning’s n
values.”

“IT CAN BE CONCLUDED THAT THE ARRAY OF
SQUARE ELEMENTS MAY BE APPLIED OVER THE
DIGITAL TERRAIN MODEL WITHOUT RESPECT TO

TOPOGRAPHIC FLOW DIRECTIONS.”




ANOTHER TEST —
FOR ANOTHER DAY.

ROTATE AN ARRAY
OVER A GAGED
WATERSHED WITH
VERY COMPLEX
TOPOGRAPHY.

IS THERE ANY EFFECT
ON USGS DHM
RAINFALL-RUNOFF
CALCULATION?
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