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CONVERSION FACTORS

Multiple inch-pound unit By To obtain SI unit

inch 25.4 millimeter

inch per hour 25.4 millimeter per hour

foot (ft) 0.3048 meter

foot per hour (ft/hr) 0.3048 meter per hour

acre 0.4047 hectare

square mile 2.590 square kilometer

acre-foot (acre-ft) 0.001233 cubic hectometer

cubic foot per second ( , or cfs) 0.02832 cubic meter per second
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A Diffusion Hydrodynamic Model
by T. V. Hromadka II and C. C. Yen

Abstract

A diffusion (noninertial) hydrodynamic model of coupled two-dimensional overland flow and one-dimensional open-channel flow 
has been developed. Because the noninertial form of hydrodynamic flow equations is used, several important hydraulic effects that 
cannot be handled by the kinematic routing techniques--the approach employed in most watershed models--are accommodated in this 
model; namely, the model is capable of treating such effects as backwater, drawdown, channel overflow, storage and ponding. 
Although these hydraulic effects were commonly neglected in the past, they are important in drainage studies involving deficiencies 
of flood control channel and subtle grade differences between alluvial fan watershed boundaries.
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Introduction

Each year, flood control projects and storm channel systems are constructed by Federal, State, county and city governmental agencies 
and also by private land developers, which accumulatively cost in the tens of billions of dollars. Additionally, floodplain insurance 
mapping, zoning, and insurance rates are continually being prepared or modified by the Federal Emergency Management Agency. 
Finally, the current state-of-the-art in flood system deficiency analysis often results in the costly reconstruction of existing flood 
control systems. All of these flood control or protection measures are based upon widely used analysis techniques, which commonly 
are not adequate to represent the true hydraulic/hydrologic response of the flood control system to the standardized design storm 
protection level. The main drawbacks in the currently available analysis techniques lie in the ability of the current models to 
represent unsteady backwater effects in channels and overland flow, unsteady overflow of channel systems due to constrictions, such 
as culverts, bridges, and so forth, unsteady flow of floodwater across watershed boundaries due to two-dimensional (horizontal plane) 
backwater and ponding flow effects. 
In this report is developed a diffusion hydrodynamic model, which approximates all of the above hydraulic effects for channels, 
overland surfaces, and the interfacing of these two hydraulic systems to represent channel overflow and return flow. The overland 
flow effects are modeled by a two-dimensional unsteady flow hydraulic model 
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based on the diffusion (noninertia) form of the governing flow equations. Similarly, channel flow is modeled using a one-
dimensional unsteady flow hydraulic model based on the diffusion type equation. The resulting models both approximate unsteady 
supercritical and subcritical flow (without the user predetermining hydraulic controls), backwater flooding effects, and escaping and 
returning flow from the two-dimensional overland flow model to the channel system.

This report is organized into five sections as follows:
1. DHM model theoretical development,
2. Verification of the DHM model,
3. Program description for the DHM,
4. Applications of the DHM, and
5. Comparison between the DHM and the simpler kinematic routing technique.
In this report, the pertinent literature is cited as needed in the text. However, for a general overview, the reader is 
referred to the Two-Dimensional Flow Modeling Conference Proceedings of the U. S. Army Corps of Engineers 
(1981).

The diffusion hydrodynamic model computer code can be easily handled by most current home computers that support a FORTRAN 
compiler, FORTRAN listings (and documentation) are included for the reader's convenience.

In typical applications involving large scale problems, pre- and post-processors should be developed to ease the data entry demands, 
and graphically display the tremendous amount of modeling results generated by the computer models.

3
[Back to DHM Home] [Back to Research] [Cover] [Table of Contents 1] [Table of Contents 2] [Table of Contents 3]

[<-- Previous Page]  v   vi   vii   viii   ix   x   xi   xii   1   2   3   4   5   6   7   8   9   10   11   12   13   [Next Page -->] 

http://www.diffusionhydrodynamicmodel.com/DHM1.html
http://www.diffusionhydrodynamicmodel.com/Research.html


Ample applications are included in this report which hopefully demonstrate the utility of this modeling approach in many drainage 
engineering problems. Problems considered in this report include: (1) one-dimensional unsteady flow problem, (2) rainfall-runoff 
model, (3) dam-break flow analysis, (4) esturary model, and (5) channel floodplain interface model. Finally, the diffusion 
hydrodynamic model is modified to accommodate the kinematic routing technique, and applications are made to one-dimensional 
problems.

Acknowledgments

Acknowledgments are paid to United States Geological Survey, Sacramento, California, for their time and computational assistance 
with several sections of this report.
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Model Development

Introduction

Many flow phenomena of great engineering importance are unsteady in characters, and cannot be reduced to steady flow by changing 
the viewpoint of the observer. A complete theory of unsteady flow is therefore required, and will be reviewed in this section. The 
equations of motion are not solvable in the most general case, but approximations and numerical methods can be developed which 
yield solutions of satisfactory accuracy. 

Review of Governing Equations 

The law of continuity for unsteady flow may be established by considering the conservation of mass in an infinitesimal space 

between two channel sections (figure 1). In unsteady flow, the discharge, Q, changes with distance, x, at a rate , and the depth, y, 

changes with time, t, at a rate . The change in discharge volume through space dx in the time dt is (  ) dx dt. The 

corresponding change in channel storage in space is T dx (  ) dt = dx ( ) dt in which A = Ty. Because water is incompressible, 
the net change in discharge plus the change in storage should be zero; that is

( ) dxdt + T dx ( ) dt = ( ) dxdt + dx ( ) dt = 0.

Simplifying,

+ T  = 0 (1)

or

+  = 0 (2)

5
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At a given section, Q = VA; thus equation 1 becomes

Because the hydraulic depth D = A/T and _A = T _Y, the above equation may be written

The above equations are all forms of the continuity equation for unsteady flow in open channels. For a rectangular channel or a 
channel of infinite width, equation 1 may be written

where q is the discharge per unit width.

Equation of Motion

In a steady, uniform flow, the gradient, , of the total energy line is equal in magnitude to the "friction slope" = /(C R) where 

c is the chezy coefficient and r is the hydraulic radius. Indeed this statement was in a sense taken as the definition of ; however in 
the present context we have to consider the more general case in which the flow is nonuniform and the velocity may be changing in 
the downstream direction. The net force, shear force and pressure force, is no longer zero, since the flow is accelerating. Therefore, 
the equation of motion becomes

7
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Hence equation 8 can be rewritten as

This equation may be applicable to various types of flow as indicated. This arrangement shows how the nonuniformity 
and unsteadiness of flows introduce extra terms into the governing dynamic equation. 

Diffusion Hydrodynamic Model
One Dimensional Diffusion Hydrodynamic Model

The mathematical relationships in a one-dimensional diffusion hydro dynamic (DHM) model are based upon the flow 
equations of continuity (2) and momentum (11) which can be rewritten (Akan and Yen, 1981) as

9
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Figure 3.--Two-dimensinal finite difference anaolg.
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Model Timestep Selection

The sensitivity of the model to timestep selection is dependent upon the slope of the discharge hydrograph (  ) and 
the grid spacing. Increasing the grid spacing size introduces additional water storage to a corresponding increase in 
nodal point flood depth values. Similarly, a decrease in timestep size allows a refined calculation of inflow and outflow 
values and a smoother variation in nodal point flood depths with respect to time. The computer algorithm may self-
select a timestep by increments of halving (or doubling) the initial user-chosen timestep size so that a proper balance of 
inflow-outflow to control volume storage variation is achieved. In order to avoid a matrix solution for flood depths, an 
explicit timestepping algorithm is used to solve for the time derivative term. For large timesteps or a rapid variation in 

the dam-break hydrograph (such as  is large), a large accumulation of flow volume will occur at the most upstream 
nodal point. That is, at the dam-break reservoir nodal point, the lag in outflow from the control volume can cause 
unacceptable error in the computation of the flood depth. One method that offsets this error is the program to self-
select the timestep until the difference in the rate of volume accumulation is within a specified tolerance.

Due to the form of the DHM in equation 22, the model can be extended into an implicit technique. However, this 
extension would require a matrix solution process which may become unmanageable for two dimensional models 
which utilize hundreds of nodal points.
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VERIFICATION OF DIFFUSION HYDRODYNAMIC MODEL

Introduction

An unsteady flow hydraulic problem of considerable interest is the analysis of dam-breaks and their downstream hydrograph. In this 
section, the main objective is to evaluate the diffusion form of the flow equations for the estimation of flood depths (and the flood 
plain) resulting from a specified dam-break hydrograph. The dam-break failure mode is not considered in this section. Rather, the 
dam-break failure mode may be included as part of the model solution (such as for a sudden breach) or specified as a reservoir 
outflow hydrograph.

The use of numerical methods to approximately solve the flow equations for the propagation of a flood wave due to an earthen dam 
failure has been the subject of several studies reported in the literature. Generally, the flow is modeled using the one-dimensional 
equation wherever there is no significant lateral variation in the flow. Land (1980a,b) examines four such dam-break models in his 
prediction of flooding levels and flood wave travel time, and compares the results against observed dam failure information. In dam-
break analysis, an assumed dam-break failure mode (which may be part of the solution) is used to develop an inflow hydrograph to 
the downstream flood plain. Consequently, it is noted that a considerable sensitivity in modeling results is attributed to the dam-break 
failure rate assumptions. Ponce and Tsivoglou (1981) examine the gradual failure of an earthen embankment (caused by an 
overtopping flooding event) and present detailed analysis for each part of the total system: sediment transport, unsteady channel 
hydraulics, and earth embankment failure.
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In another study, Rajar (1978) studied a one-dimensional flood wave propagation from an earthen dam failure. His model solves the 
St. Venant equations by means of either a first-order diffusive or a second-order Lax-Wendroff numerical scheme. A review of the 
literature indicates that the most frequently used numerical scheme is the method of characteristics (to solve the governing flow 
equations) such as described in Sakkas and Strelkoff (1973), Chen (1980), and Chen and Armbruster (1980).

Although many dam-break studies involve flood flow regimes which are truly two-dimensional (in the horizontal plane), the two 
dimensional case has not received much attention in the literature. Katopodes and Strelkoff (1978) use the method of bicharacteristics 
to solve the governing equations of continuity and momentum. The model utilizes a moving grid algorithm to follow the flood wave 
propagation, and also employs several interpolation schemes to approximate the nonlinearity effects. In a much simpler approach, 
Xanthopoulos and Koutitas (1976) use a diffusion model (i.e. the inertia terms are assumed negligible in comparison to the pressure, 
friction, and gravity components) to approximate a two-dimensional flow field. The model assumes that the flow regime in the flood 
plain is such that the inertia terms (local and convective acceleration) are negligible. In a one-dimensional model, Akan and Yen 
(1981) also use the diffusion approach to model hydrograph confluences at channel junctions. In the latter study, comparisons of 
modeling results were made between the diffusion model, a complete dynamic wave model solving the total equation system, and the 
basic kinematic wave equation model (that is, the inertia and pressure terms are assumed negligible in comparison to the friction and 
gravity terms). The differences between the diffusion model and the dynamic wave model were small, showing only minor 
discrepancies.
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The kinematic-wave flow model has been recently used in the computation of dam-break flood waves (Hunt, 1982). Hunt concludes 
in his study that the kinematic-wave solution is asymptotically valid. Since the diffusion model has a wider range of applicability for 
varied bed slopes and wave periods than the kinematic model (Ponce et al., 1978), the diffusion model approach should provide an 
extension to the referenced kinematic model.

Because the diffusion modeling approach leads to an economic two-dimensional dam-break flow model (with numerical solutions 
based on the usual integrated finite-difference or finite element techniques), the need to include the extra components in the 
momentum equation must be ascertained. For example, evaluating the convective acceleration terms in a two-dimensional flow 
model requires approximately an additional 50-percent of the computational effort required in solving the entire two-dimensional 
model with the inertia terms omitted. Consequently, including the local and convective acceleration terms increases the computer 
execution costs significantly. Such increases in computational effort may not be significant for one-dimensional case studies; 
however, two-dimensional case studies necessarily involve considerably more computational effort and any justifiable simplifications 
of the governing flow equations is reflected by a significant decrease in computer software requirements, costs and computer 
execution time. 

Ponce (1982) examines the mathematical expressions of the flow equations which lead to wave attenuation in prismatic channels. It 
is concluded that the wave attenuation process is caused by the interaction of the local acceleration term with the sum of the terms of 
friction slope and channel slope. When local acceleration is considered negligible, wave attenuation is caused by the interaction of 
the friction slope and channel slope terms with the pressure gradient or convective acceleration terms
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(or a combination of both terms). Other discussions of flow conditions and the sensitivity to the various terms of the flow equations 
are given in Miller and Cunge (1975), Morris and Woolhiser (1980), and Henderson (1963).

It is stressed that the ultimate objective of this paper is to develop a two-dimensional diffusion model for use in estimating flood plain 
evolution such as occurs due to drainage system deficiencies. Prior to finalizing such a model, the requirement of including the 
inertia terms in the unsteady flow equations needs to be ascertained. The strategy used to check on this requirement is to evaluate the 
accuracy in predicted flood depths produced from a one-dimensional diffusion model with respect to the one-dimensional U.S.G.S K-
634 dam-break model which includes all of the inertia term components. 

One-Dimensional Analysis

Study Approach

In order to evaluate the accuracy of the one-dimensional diffusion model (equation 22) in the prediction of flood depths, the U.S.G.S. 
fully dynamic flow model K-634 (Land, 1980a,b) is used to determine channel flood depths for comparison purposes. The K-634 
model solves the coupled flow equations of continuity and momentum by an implicit finite difference approach and is considered to 
be a highly accurate model for many unsteady flow problems. The study approach is to compare predicted: (1) flood depths, and (2) 
discharge hydrographs from both the K-634 and the diffusion hydrodynamic model (equation 22) for various channel slopes and 
inflow hydrographs. 

It should be noted that different initial conditions are used for these two models. The U.S.G.S. K-634 model requires a base flow to 
start the simulation; therefore, the initial depth of water cannot be zero. Next, the normal depth assumption is used to generate an 
initial water depth before the simulation starts. These two steps are not required by the DHM.
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In this case study, two hydrographs are assumed; namely, peak flows to 120,000 cfs and 600,000 cfs. A baseflow of 5,000 cfs and 
40,000 cfs was used for hydrographs with peaks of 120,000 and 600,000 cfs respectively for all K-634 simulations. Both 
hydrographs are assumed to increase linearly from zero (or the base flow) to the peak flow rate at time of 1-hour, and then decrease 
linearly to zero (or the baseflow) at time of 6-hours (see figure 4 inset). The study channel is assumed to be a 1000 feet width 

rectangular section of Manning's n equal to 0.040, and various slopes  in the range of 0.001_ _0.01. Figures 4 shows the 
comparison of modeling results. From the figure, various flood depths are plotted along the channel length of up to 10-miles. Two 

reaches of channel lengths of up to 30-miles are also plotted in figure 4 which correspond to a slope  = 0.0020. In all tests, grid 
spacing was set at 1000-feet intervals. Time steps were 0.01 hours for K-634 and 7.2 seconds for DHM.

From figure 4 it is seen that the diffusion model provides estimates of flood depths that compare very well to the flood depths 
predicted from the K-634 model. For downstream distances at up to 30 miles, differences in predicted flood depths are less than 3 
percent for the various channel slopes and peak flow rates considered.

In figures 5 and 6, good comparisons between the diffusion hydrodynamic and the K-634 models are observed for water depths and 
outflow hydrographs at 5 and 10 miles down stream from the dam-break site. It should be noted that the test conditions are 
purposefully severe in order to bring out potential inaccuracies in the diffusion hydrodynamic model results. Less severe test 
conditions should lead to more favorable comparisons between the two model results. Although offsets do occur in timing, volume 
continuity is preserved when allowances are made for differences in baseflow volumes.
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Grid Spacing Selection 

The choice of timestep and grid size for an explicit time advancement is a relative matter and is theoretically based on the well-
known Courant condition (Basco, 1978). The choice of grid size usually depends on available topographic data for nodal elevation 
determination and the size of the problem. The effect of the grid size (for constant timestep for 7.2 seconds) on the diffusion model 
accuracy can be shown by example where nodal spacings of 1,000, 2,000 and 5,000-feet are considered. The predicted flood depths 
varied only slightly from choosing the grid size between 1,000-feet and 2,000-feet. However, an increased variation in results occurs 
when a grid size in 5,000-feet is selected. For the example of peak flow rate test hydrograph of 600,000 cfs, the differences of 
simulated flow depths between 1,000-feet and 5,000-feet grid are 0.03 feet, 0.06 feet and 0.17 feet at 1 mile, 5 miles and 10 miles, 
respectively, downstream from the dam-break site for the maximum flow depth with the magnitude of 30 feet. 

Because the algorithm presented is based upon an explicit timestepping technique, the modeling results may become inaccurate 
should the timestep size versus grid size ratio become large. A simple procedure to eliminate this instability is to half the timestep 
size until convergence in computed results is achieved. Generally, such a timestep adjustment may be directly included in the 
computer program for the dam-break model. For the cases considered in this section, timestep size of 7.2 second was found to be 
adequate when using the 1,000-feet to 5,000-feet grid sizes.
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Conclusions and Discussion

For the dam-break hydrographs considered and the range of channel slopes modeled, the simple diffusion dam-break model of 
equation 12 provides estimates of flood depths and outflow hydrographs which compare favorably to the results determined by the 
well-known K-634 one-dimensional dam-break model. Generally speaking, the difference between the two modeling approaches is 
found to be less than a 3 percent variation in predicted flood depths.

The presented diffusion dam-break model is based upon a straightforward explicit timestepping method which allows the model to 
operate upon the nodal points without the need to use large matrix systems. Consequently, the model can be implemented on most 
currently available microcomputers. However, as compared to implicit solution methods, time steps for DHM use are extremely 
small. Thus, relatively short simulation times must be used.

The diffusion model of equation 22 can be directly extended to a two-dimensional model by adding the y-direction terms which are 
computed in a similar fashion as the x-direction terms. The resulting two-dimensional diffusion model is texted by modeling the 
considered test problems in the x-direction, the y-direction, and along a 45-degree trajectory across a two-dimensional grid aligned 
with the x-y coordinate axis. Using a similar two-dimensional model, Xanthopoulos and Koutitas (1976) conceptually verify the 
diffusion modeling technique by considering the evolution of a two-dimensional flood plain which propagates radially from the dam-
break site.
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From the above conclusions, use of the diffusion approach, equation 22, in a two-dimensional DHM may be justified due to the low 
variation in predicted flooding depths (one-dimensional) with the exclusion of the inertia terms. Generally speaking, a two-
dimensional model would be employed when the expansion nature of flood flows is anticipated. Otherwise, one of the available one-
dimensional models would suffice for the analysis. 

Two-Dimensional Analysis

Introduction

In this section, a two-dimensional DHM is developed. The model is based on a diffusion approach where gravity, friction, and 
pressure forces are assumed to dominate the flow equations. Such an approach has been used earlier by Xanthopoulos and Koutitas 
(1976) in the prediction of dam-break flood plains in Greece. In those studies, good results were also obtained by using the two-
dimensional model for predicting one-dimensional flow quantities. In the preceding section a one-dimensional diffusion model has 
been considered and it has been concluded that for most velocity flow regimes (such as Fronde Number less than approximately 4), 
the diffusion model is a reasonable approximation of the full dynamic wave formulation. 

An integrated finite difference grid model is developed which equates each cell-centered node to a function of the four neighboring 
cell nodal points. To demonstrate the predictive capacity of the flood plain model, a study of a hypothetical dam-break of the 
Crowley Lake dam near the City of Bishop, California (figure 7) is considered (Hromadka, et al., 1985).
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The steepness and confinement of the channel right beneath the Crowley Lake dam results a translation of outflow hydrograph in 
time. Therefore, the dam-break analysis is only conducted on the neighborhood near City of Bishop where the gradient of topography 
is mild. 

K-634 Modeling Results and Discussion

Using the K-634 model for computing the two-dimensional flow was attempted by means of the one-dimensional nodal spacing 
(figure 8). Cross sections were obtained by field survey, and the elevation data were used to construct nodal point flow-width versus 
stage diagrams. A constant Manning's roughness coefficient of 0.04 was assumed for study purposes. The assumed dam failure 
reached a peak flow rate of 420,000 cfs within one hour, and returned to zero flow 9.67 hours later. Figure 9 depicts the K-634 flood 
plain limits. To model the flow break-out, a slight gradient was assumed for the topography perpendicular to the main channel. The 
motivation for such a lateral gradient is to limit the channel flood-way section in order to approximately conserve the one-
dimensional momentum equations. Consequently, fictitious channel sides are included in the K-634 model study which results in an 
artificial confinement of the flows. Hence, a narrower flood plain is delineated in figure 9 where the flood flows are falsely retained 
within a hypothetical channel confine. An examination of the flood depths given in figure 11 indicates that at the widest flood plain 
expanse of figure 9, the flood depth is about 6-feet, yet the
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flood plain is not delineated to expand southerly, but is modeled to terminate based on the assumed gradient of the topography 
towards the channel. Such complications in accommodating an expanding flood plain when using a one-dimensional model are 
obviously avoided by using a two-dimensional approach.

The two-dimensional diffusion hydrodynamic model is now applied to the hypothetical dam-break problem using the grid 
discretization shown in figure 10. The same inflow hydrograph used in K-634 model is also used for the diffusion hydrodynamic 
model. Again, the Manning's roughness coefficient at 0.04 was used. The resulting flood plain is shown in figure 12 for the 1/4 
square-mile grid model.

The two approaches are comparable except at cross-sections shown as A-A and B-B in figure 8. Cross-section A-A corresponds to 
the predicted breakout of flows away from the Owens River channel with flows traveling southerly towards the City of Bishop. As 
discussed previously, the K-634 predicted flood depth corresponds to a flow depth of 6 feet (above natural ground) which is actually 
unconfined by the channel. The natural topography will not support such a flood depth and, consequently, there should be southerly 
breakout flows such as predicted by the two-dimensional model. With such breakout flows included, it is reasonable that the two-
dimensional model would predict a lower flow depth at cross-section A-A. 

At cross-section B-B, the K-634 model predicts a flood depth of approximately 2 feet less than the two-dimensional model. However 
at this location, the K-634 modeling results are based on cross-sections which traverse a 90-degree bend. In this case K-634 model 
will over-estimate the true channel storage, resulting in an underestimation of flow-depths.
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In comparing the various model predicted flood depths and delineated plains, it is seen that the two-dimensional diffusion 
hydrodynamic model predicted more reasonable flood plain boundary, which is associated with broad, flat plains such as found at the 
study site, than the one-dimensional model. The diffusion hydrodynamic model approximates channel bends, channel expansions and 
contractions, flow breakouts, and the general area of inundation. Additionally, the diffusion hydrodynamic model approach allows 
for the inclusion of return flows (to the main channel), which were the result of upstream channel breakout, and other two-
dimensional flow effects, without the need for special modeling accommodations that would be necessary with using a one-
dimensional model.
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PROGRAM DESCRIPTION OF THE DIFFUSION HYDRODYNAMIC MODEL

Introduction 

A computer program for the two-dimensional diffusion hydrodynamic model which is based on the diffusion form of the St. Venant 
equations where gravity, friction, and pressure forces are assumed to dominate the flow equation will be discussed in this section. 

The DHM model consists of a 1-D channel and 2-D flood plain models, and an interface sub-model. The one-dimensional channel 
element utilizes the following assumptions:

..........

(1) infinite vertical extensions on channel walls (figure 13),
(2) wetted perimeter is calculated as shown on figure 13a,
(3) volumes due to channel skew is ignored (figure 13b), and
(4) all overflow water is assigned to one grid element (figure 14).

The interface model calculates the excess amount of water either from the channel element or from the flood plain element. This 
excess water is redistributed to the flood plain element or the channel element according to the water surface elevation.

This FORTRAN program has the capabilities to simulate both one-and two-dimensional surface flow problems, such as the one-
dimensional open channel flow and two-dimensional dam-break problems illustrated in the preceding pages. Engineering 
applications of the program will be presented in the next section.
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Interface Model

Introduction 

The interface model modifies the water surface elevations of flood plain grids and channel elements at specified time intervals 
(update intervals). There are three cases of interface situations: (1) channel overflow, (2) grid overflow, and (3) flooding of channel 
and grid elements.

Channel Overflow 

When the channel is overflowing; the excess water is temporarily stored in the vertically extended space (figure 15b). Actually, it is 
the volume per unit length. This excess water is the product of the depth of water, width of the channel and length of the channel and 
is subsequently uniformly distributed over the grid elements. In other words, the new grid water surface elevation is equal to the old 
water surface elevation plus a depth of hw/L, and the channel water surface elevation now matches the parent grid water surface 
elevation.

Grid Overflow 

When the water surface elevation of the grid element is greater than a specified surface detention (figure 15a), the excess water drains 
into the channel element and the new water surface elevation is changed according to the following two conditions (figure 15c), (a) if 
v > v', where v denotes the excess volume of water per unit length and v' denotes the available volume per unit length, the new water 

surface of the grid element is A = A  - (v-v')/L and the new water surface elevation of the channel element is also equal to 

A ; (b) if v < v', the new water surface elevation of the grid element is A  = A - h and the new water surface elevation of 

the channel element is B  = B  + v/w.
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APPLICATIONS OF THE DIFFUSION HYDRODYNAMIC MODEL

One-Dimensional Model

Application 1: Steady Flow in an Open Channel 

Because the DHM is anticipated for use in modeling watershed phenomena, it is important that the channel models represent known 
flow characteristics. Unsteady flow is examined in the previous section. For steady flow, a steady-state, gradually varied flow 
problem is simulated by the 2-D diffusion model. Figure 16 depicts both the water levels form the 2-D diffusion model and from the 
gradually varied flow equation. For an 8000 cfs constant inflow rate, the water surface profiles from both the 2-D diffusion model 
and the gradually varied flow equation match quite well. The discrepancies of these profiles occur at the break points where the 
upstream channel slope and downstream channel slope change. At the first break point where the upstream channel slope is equal to 
0.001 and the downstream channel slope is equal to 0.005, the water surface level is assumed to be equal to the critical depth. 
However, Henderson (1966), notes that brink flow is typically less than the critical depth (Dc). The DHM water surface closely 
matches the 0.72 Dc brink depth.

It is clear to see that the DHM cannot simulate the hydraulic jump, but rather smoothes out the usually assumed "shock front". 
However, when considering unsteady flow, the DHM may be a reasonable approach for approximating the jump profile. For a higher 
inflow rate, 20,000 cfs, the surface water levels differ in the most upstream reach. Again, this is due to the downstream control, 
critical depth, of the gradually varied flow equation.
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Two-Dimensional Applications

Application 2: Rainfall-Runoff Model 

The DHM can be used to develop a runoff hydrograph given the time distribution of effective rainfall. To demonstrate the DHM 
runoff hydrograph generation (Hromadka and Nestlinger, 1985), the DHM is used to develop a synthetic S-graph for a watershed 
where overland flow is the dominating flow effect. 

To develop the S-graph, a uniform effective rainfall is assumed to uniformly occur over the watershed. For each timestep (5-
seconds), an incremental volume of water is added directly to each grid-element based on the assumed constant rainfall intensity, 
resulting in an equivalent increase in the nodal point depth of water. Runoff flows to the point of concentration according to two-
dimensional diffusion hydrodynamics model.

The 10 square mile Cucamonga Creek watershed (California) is shown, discretized by 1000-foot grid elements, in figure 17. A 
design storm (figure 18) was applied to the watershed and resulting runoff hydrographs are depicted in figure 19 for DHM model and 
synthetic unit hydrograph method. From figure 19, the diffusion model generates runoff quantities which are in good agreement with 
the values computed using synthetic unit hydrograph method derived from stream gage data. 

Next, the DHM is applied to three hypothetical dam-failures in Orange County, California (see figure 20). Applications of the DHM 
illustrates its use in a municipal setting where flood flow patterns are affected by railroad, bridge undercrossings, and other man-
made obstacles to flow.
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figure 24. The main difference in the estimated flood plains is due to the dynamic nature of the DHM model, which accounts for the 
storage effects resulting from flooding, and the attenuation of a flood wave because of 2-D routing effects. From this study, the 
estimated flood plain is judged to be reasonable.

Application 4: Small-Scale Flows Onto a Flat Plain 

A common civil engineering problem is the use of temporary detention basins to offset the effects of urbanization on watershed 
runoff. A problem, however, is the analysis of the basin failure; especially, when the floodflows enter a wide expanse of land surface 
with several small channels. This application is to present study conclusions in estimating the flood plain which may result from a 
hypothetical dam-failure of the LO2P3O Temporary Retarding Basin. The results of this study are to be used to estimate the potential 
impacts of the area if the retention basin berm were to fail.

The study site includes the area south of Plano Trabuco, Phase I. It is bounded on the north of LO2P3O Retarding Basin Berm, on the 
east and south of Portola Parkway and on the west by the Arroyo Trabuco bluffs (see figure 25).

Using a 1" = 300' topographic map, a 200-foot grid control volume discretization was constructed as shown in figure 26. In each grid, 
an area-averaged ground elevation was estimated based on the topographic map. A Manning's roughness coefficient of n = 0.030 was 
used throughout the study.
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The profile of Portola Parkway varies approximately 2 feet above and below the adjacent land. Consequently, minor ponding may 
occur where Portola Parkway is high and sheet flow across Portola Parkway will occur at low points. It should be noted that depths 
along Portola Parkway are less than 1 foot (figure 26). Figure 27 shows lines of arrival times for the basin study. It is concluded that 
Portola Parkway is essentially unaffected by a hypothetical failure of the LO2P3O Temporary Retarding Basin.

Application 5: Two-Dimensional Floodflows Around a Large Obstruction 

In another temporary detention basin site, floodflows (from a dam-break) would pond upstream of a landfill site, and then split, when 
waters are deep enough, to flow on either side of the landfill. An additional complication is a railroad berm located downstream of 
the landfill, which forms a channel for floodflows. The study site (see figure 28) is bounded on the north by a temporary berm 
approximately 300 feet north of the Union Pacific Railroad, bounded on the east by Milliken Avenue, bounded on the south by the 
Union Pacific Railroad and bounded on the west by Haven Avenue.

A 200-foot grid control volume discretization was constructed as depicted in figure 29. In each grid, an area-averaged ground 
elevation was estimated based on the topographic map. A Manning's roughness coefficient of n = 0.030 was used throughout the 
study.

From figure 30 it is seen that flood plain spreads out laterally and flows around the landfill. The flow ponds up around the landfill; 
along the north side of the landfill, the water ponds as high as 9.2 feet, and along the east and west sides of the landfill, the water 
ponds up to 5.1 feet high. As the flow travels south, it ponds up to a depth of 4.8
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feet against the railroad near Milliken Avenue. Because the water spreads laterally, Milliken Avenue runs the risk of becoming 
flooded; however, the water only ponds to 0.6 feet along the street. A more in-depth study is needed to see if the water would remain 
in the gutter or flood Milliken Avenue.

By observing the arrival times of the flood plain in figure 31, it is seen that the flood plain changes very little on the west side of the 
landfill once it reaches the railroad (0.6 hours after the dam-break). But on the east side of the landfill it takes 2.0 hours to reach the 
railroad.

Application 6: Estuary Modeling 

Figure 32 illustrates a hypothetical bay, which is schematized in figure 33. Stage hydrographs are available at seven stations as 
marked in figure 32 and are numbered 1 through 7 (counterclockwise). Stage values in this application are expressed by sinusoidal 
equations (see Table 1). Some DHM-predicted flow patterns in the estuary are shown in figures 34 to 36. The flow patterns appear 
reasonable by comparing the fluctuations of the water surface to the stage hydrographs. DHM computed flow patterns compare well 
to a similar study prepared by Lai (1977).
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Application for Channel and Flood Plain Interface Model

Application 7: Channel-Flood Plain Model 

Figure 37 depicts a discretization of a two-dimensional hypothetical watershed with three major channels crossing through the flood 
plain. 

Figure 38 depicts the inflow and outflow boundary conditions for the hypothetical watershed model. Input data and partial output 
results of this application are included in Attachment D. Figures 39 through 44 illustrates the evolutions of the flood plain.

The shaded areas indicate which grid element are flooded. From figure 39, it is seen that the outflow rates at nodes 31, 71 and 121 are 
less than the corresponding inflow rates which results in a flooding situation adjacent to the outflow grid elements. The junction of 
channel B and B' is also flooded. At the end of the peak inflow rate (figure 41), about 1/3 of the flood plain is flooded. Figure 44 
indicates a flooding situation along bottom of the basin after 10 hours of simulation. Figure 45 shows the maximum depth of water at 
4 downstream cross-sections. It is needed to point out that the maximum water surface for each grid element are not necessarily 
incurred at the same time. Finally, figures 46 and 47 depict the outflow hydrographs for both the channel system and the flood plain 
system.

Until now, no existing numerical model can successfully simulate or predict the evolution of the channel-flood plain interface 
problem. The proposed DHM model uses a simple diffusion approach and interface scheme to simulate the channel-flood plain 
interface development.
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REDUCTION OF THE DIFFUSION HYDRONAMIC MODEL TO KINEMATIC ROUTING

Introduction 

The two-dimensional DHM formulation of equation 32 can be simplified into a kinematic wave approximation of the two-
dimensional equations of motion by using the slope of the topographic surface rather than the slope of the water surface is the friction 
slope in equation 28. That is, flowrates are driven by Manning's equation, while backwater effects, reverse flows, and ponding effects 
are entirely ignored. As a result, the kinematic wave routing approach cannot be used for flooding situations such as considered in the 
previous chapter. Flows which escape from the channels cannot be modeled to pond over the surrounding land surface nor move over 
adverse slopes, nor are backwater effects being modeled in the open channels due to constrictions which, typically, are the source of 
flood system deficiencies.

In a recent report by Doyle et al. (1983), an examination of approximations of the one-dimensional flow equation is presented. The 
authors write:

"It has been shown repeatedly in flow-routing applications that the kinematic wave approximation always predicts a steeper wave 
with less dispersion and attenuation than may actually occur. This can be traced to the approximations made in the development of 
the kinematic wave equations wherein the momentum equation is reduced to a uniform flow equation of motion that simply states the 
friction slope is equal to the bed slope. If the pressure term is retained in the momentum equation (diffusion wave method), then this 
will help to stop the accumulation of error that occurs when the kinematic wave approximation procedure is applied."

Application 8: Kinematic Routing (One-Dimensional)

To demonstrate the kinematic routing feature of the DHM, the one-dimensional channel problem used for the verification of the 
DHM is now used to compare results between the DHM model and the kinematic routing.
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For the steep channel, both techniques show similar results up to 10 miles for the maximum water depth (figure 48) and discharge 
rates at 5 and 10 miles (figures 49 and 50). For the mild channel, the maximum water surface and discharge rates deviate increasingly 
as the distance increases downstream from the point of channel inflow.
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CONCLUSIONS

A diffusion hydrodynamic model is developed for use in civil engineering flood plain studies. The diffusion hydrodynamic model 
capabilities may provide the practicing engineer with a flood control modeling capability not previously available, and only at the 
price of a home computer. Although several applications are provided in this report, further research is required for the verification of 
predicted flooding depths, travel times, and other important hydraulic information. 

For one-dimensional unsteady flow channel routing problems where back-water effects are negligible, the comparisons made 
between the diffusion and kinematic routing approximations have shown significant differences, which may be important to 
watershed models based on the kinematic routing technique. Because the diffusion (noninertia) routing technique is simple to 
implement, and includes additional terms for better hydraulic approximation, it is recommended that all kinematic-wave based 
hydrologic models be modernized by using the diffusion-routing technique. Especially for the backwater effects, ponding and 
flooding due to the deficiencies of the capacities of the flood control channels can now be modeled by the DHM simultaneously.

The current version of the diffusion hydrodynamic model has been successfully applied to a collection of one- and two-dimensional 
unsteady flows hydraulic problems including dam-breaks, and flood system deficiency studies. Consequently, the diffusion 
hydrodynamic model promises to result in a highly useful, accurate, and simple to use (although considerable topographic data may 
be needed depending on the size of the problem) computer model, which is of immediate use of practicing flood control engineers. 
Use of the diffusion hydrodynamic model in surface runoff problems will result in a highly
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versatile and practical tool which significantly advances the current state-of-the-art in flood control system and flood plain mapping 
analysis procedures, resulting in more accurate predictions in the needs of the flood control system, and potentially proving a 
considerable cost saving due to reduction of conservation used to compensate for the lack of proper hydraulic unsteady flow effects 
approximation.
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ATTACHMENT A

COMPUTER PROGRAM

Introduction

Figures A.1 and A.2 depict the simple flow chart for the DHM Model. Because the DHM computer code is relatively small, it can be 
handled by most current home computer that supports a FORTRAN compiler. Computer listings are included herein for reader's 
convenience.
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