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Issued ____________________ 

In accordance with Federal civil rights law and U.S. Department of
Agriculture (USDA) civil rights regulations and policies, the USDA, its
Agencies, offices, and employees, and institutions participating in or
administering USDA programs are prohibited from discriminating based
on race, color, national origin, religion, sex, gender identity (including 
gender expression), sexual orientation, disability, age, marital status,
family/parental status, income derived from a public assistance program,
political beliefs, or reprisal or retaliation for prior civil rights activity, in
any program or activity conducted or funded by USDA (not all bases
apply to all programs). Remedies and complaint filing deadlines vary by 
program or incident.

Persons with disabilities who require alternative means of
communication for program information (e.g., Braille, large print,
audiotape, American Sign Language, etc.) should contact the responsible
Agency or USDA's TARGET Center at (202) 720-2600 (voice and TTY)
or contact USDA through the Federal Relay Service at (800) 877-8339.
Additionally, program information may be made available in languages
other than English.

To file a program discrimination complaint, complete the USDA
Program Discrimination Complaint Form, AD-3027, found online at
How to File a Program Discrimination Complaint and at any USDA
office or write a letter addressed to USDA and provide in the letter all of
the information requested in the form. To request a copy of the complaint
form call (866) 632-9992. Submit your completed form or letter to 
USDA by: (1) mail: U.S. Department of Agriculture, Office of the
Assistant Secretary for Civil Rights, 1400 Independence Avenue, SW,
Washington, D.C. 20250-9410; (2) fax: (202) 690-7442; or (3) email:
program.intake@usda.gov.

USDA is an equal opportunity provider, employer, and lender. 
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Chapter 6 Hydraulic Modeling 

634.0600  Hydraulic Modeling 

Hydraulic modeling is the practice of testing small-scale hydraulic systems (the model) in the 
laboratory and translating the favorable results to equivalent quantities of the full-scale 
system (the prototype). Hydraulic modeling should be performed if sound design and 
dependable operation of the prototype cannot be accomplished with other recognized 
methods of analyses. The practice of hydraulic modeling is based on ensuring similarity 
between model and prototype. 

634.0601  Similarity between Models and Prototypes 

A. The figure below illustrates the concept of prototypes and models. A prototype is the
full-scale hydraulic system of interest and is represented by the spillway on the left-hand
side. A model is a small-scale reproduction of the prototype, as illustrated on the right-
hand side of figure 6-1.

Figure 6-1 :  Prototype and model quantities. 

B. The following figure shows the prototype and the model of a spillway flow.

Figure 6-2: Prototype and model of an ogee spillway (courtesy of the Utah Water
Research Laboratory, Utah State University).
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C.  By building the model to resemble the shape of the prototype we ensure 
geometric similarity, as illustrated by the photographs of Figure 91. Referring to quantities 
in the model with the subscript m and those in the prototype with the subscript p, the 
ratio of corresponding lengths in model and prototype is referred to as the length ratio, Lr: 

𝐿𝐿𝑟𝑟 = 𝐿𝐿𝑚𝑚
𝐿𝐿𝑝𝑝

 (eq. 6-1) 

D.  Since area is calculated as the product of two lengths, the area ratio is defined as: 

𝐴𝐴𝑟𝑟 = 𝐴𝐴𝑚𝑚
𝐴𝐴𝑝𝑝

= 𝐿𝐿𝑟𝑟2  (eq. 6-2) 

E.  The volume ratio is, consequently, defined as: 

(𝑉𝑉𝑉𝑉𝑉𝑉)𝑟𝑟 = (𝑉𝑉𝑉𝑉𝑉𝑉)𝑚𝑚
(𝑉𝑉𝑉𝑉𝑉𝑉)𝑝𝑝

= 𝐿𝐿𝑟𝑟3  (eq. 6-3) 

F.  Example 6-1 – Geometric similarity calculations 

A spillway that is 24 ft high (Hp = 24 ft) is to be built at a dam. To check the hydraulic 
characteristics of the spillway a model with a length ratio Lr = 1/10 is to be built in the 
laboratory. (a) What would be the height of the model, Hm? (b) If the flow cross-section 
in the model will have an area Am = 1.2 ft2, what would be the equivalent area in 
the prototype? (c) If the volume of water over the prototype is estimated to be (Vol)p = 
480 ft3, what is the estimated volume of water over the model, (Vol)m? 

(i)  The model height is: 

Hm = LrHp = (1/10)×24 ft = 2.4 ft 

(ii)  The prototype area is: 

Ap = Am/Ar = Am/Lr
2 = 1.2 ft2/(1/10)2 = 120 ft2 

(iii)  The model volume is: 

(Vol)m = (Vol)r(Vol)p = Lr
3(Vol)p = (1/10)3×480 ft3 = 0.48 ft3 

634.0602  Similarity between Models and Prototypes 

A.  Enclosed flow models generally require that the Reynolds number, Re, of the model 
equals the Re of the prototype i.e. the Re ratio equals 1. 

B.  Using Reynolds number similarity, the velocity, time, and discharge ratios are: 

𝑉𝑉𝑟𝑟 = 𝑉𝑉𝑟𝑟
𝐿𝐿𝑟𝑟

 (eq. 6-4) 

𝑇𝑇𝑟𝑟 = 𝐿𝐿𝑟𝑟
𝑉𝑉𝑟𝑟

= 𝐿𝐿𝑟𝑟2

𝑉𝑉𝑟𝑟
 (eq. 6-5) 

𝑄𝑄𝑟𝑟 = 𝐴𝐴𝑟𝑟𝑉𝑉𝑟𝑟 = 𝐿𝐿𝑟𝑟2 �
𝑉𝑉𝑟𝑟
𝐿𝐿𝑟𝑟
� = 𝐿𝐿𝑟𝑟ν𝑟𝑟 (eq. 6-6) 
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C. Where the kinematic viscosity ratio, νr, is the model kinematic viscosity divided by the
prototype kinematic viscosity.

Example 6-2 – Control valve model calculation (pressurized flow) 

(i) A model of a control valve for a water pipeline is to be tested in the
laboratory. The prototype valve has a diameter Dp = 4.0 ft, while the model
will have a diameter Dm = 0.5 ft. If the model is tested using air, determine the
velocity, time, and discharge ratios. The kinematic viscosities to use are:

νm =νair =1.58×10-4 ft2/s,

νp = νwater = 1.22×10- 5 ft2/s.

(ii) The length ratio is:

Lr = Dm/Dp = 0.5 ft/4.0 ft = 1/8 

(iii) While the kinematic viscosity ratio is:

νr = νm/νp = 1.58×10 -4 ft2/s/ 1.22×10 -5 ft2/s =12.95 

(iv) The velocity, time, and discharge ratios are:

𝑉𝑉𝑟𝑟 =
𝑉𝑉𝑟𝑟
𝐿𝐿𝑟𝑟

=
12.950

1
8�

= 103.6 

𝑇𝑇𝑟𝑟 =
𝐿𝐿𝑟𝑟2

𝑉𝑉𝑟𝑟
=
�1

8� �
2

12.95
= 1.2𝑥𝑥10−3

𝑄𝑄𝑟𝑟 = 𝐿𝐿𝑟𝑟ν𝑟𝑟 = �
1
8�

12.95 = 1.62 

634.0603  Hydraulic Modeling in Open-Channel Flow 

A. Open-channel or free-surface models generally require that the Froude number, Fr, of the
model equals the Fr of the prototype i.e. the Fr ratio equals 1.

B. Using Froude number similarity, the velocity, time, and discharge ratios are:

𝑉𝑉𝑟𝑟 = 𝐿𝐿𝑟𝑟
1
2�  (eq. 6-7) 

𝑇𝑇𝑟𝑟 = 𝐿𝐿𝑟𝑟
𝑉𝑉𝑟𝑟

= 𝐿𝐿𝑟𝑟

𝐿𝐿𝑟𝑟
1 2�

= 𝐿𝐿𝑟𝑟
1
2� (= 𝑉𝑉𝑟𝑟) (eq. 6-8) 

𝑄𝑄𝑟𝑟 = 𝐴𝐴𝑟𝑟𝑉𝑉𝑟𝑟 = 𝐿𝐿𝑟𝑟2𝐿𝐿𝑟𝑟
1
2� = 𝐿𝐿𝑟𝑟

5
2�  (eq. 6-9) 
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C.  Example 6-3 – Stilling basin model calculation (free-surface flow) 

A model of a stilling basin is built at a length ratio Lr = 1/20. Using Froude similarity, 
what are the velocity, time, and discharge ratios? If the length of the prototype basin is 
designed to be 40 ft, what is the model dimension? If the discharge of prototype is 2000 
cfs, what is the flow required for the model? 

(i)  Using Froude number similarity, the velocity, time, and discharge ratios are: 

𝑉𝑉𝑟𝑟 = 𝑇𝑇𝑟𝑟 = 𝐿𝐿𝑟𝑟
1
2� = � 1

20
= 0.2236 

𝑄𝑄𝑟𝑟 = 𝐴𝐴𝑟𝑟𝑉𝑉𝑟𝑟 = 𝐿𝐿𝑟𝑟2𝐿𝐿𝑟𝑟
1
2� = 𝐿𝐿𝑟𝑟

5
2� = �

1
20�

5
2�

= 0.000559 

(ii)  Given the prototype basin length Lp = 40 ft, then the model basin length is: 

Lm = Lr Lp = (1/20) × 40 ft = 2 ft 

(iii)  Finally, given the prototype discharge Qp = 2000 cfs, then the model discharge 
is: 

Qm = Qr Qp = 0.000559×2000 cfs = 1.12 cfs 
 

D.  An important issue in modeling open channel flow is producing the proper scaling of the 
surface roughness of channel lining. For example, bed roughness in streams and hydraulic 
structures may be provided by large, stable, rock lining known as riprap. Riprap model 
studies can be conducted to ensure geometric similarity. However, density differences 
between the riprap model material and water need to be considered if buoyancy effects are to 
be simulated. Figure 6-3 illustrates the use of smaller rock (of like density) to simulate the 
larger rock in a drop structure. 

 
Figure 6-3:  Riprap hydraulic model (source: USDA - ARS) 
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634.0604  Limitations of Models 

The maximum size of hydraulic models is limited by laboratory physical installations (e.g.,
space, pumping capacity) and the minimum size of models is limited by the similarity laws.
For example, if the model size in an open channel model that follows Froude similarity is too 
small, viscous effects may become significant. Viscosity may produce undesirable effects in 
such a model that are not properly scalable to the prototype. Also, if the resulting open-
channel model is too shallow, surface tension effects (such as capillarity waves) may appear
that would not otherwise be relevant to the prototype performance. In the case of distorted 
open-channel models (such as for wide, shallow streams), if the vertical model size is much
larger than the horizontal size, the resulting flow may include secondary velocity 
components much larger than the prototype flow. The resulting flow field then would be too 
distorted to be scaled up to the prototype size. For a detailed discussion on model limitations
and similarity laws please refer to Kobus (1980).
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