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CULVERTS AND PIPE SPILLWAYS 
 
The hydraulics of pipes can be complicated, but for design purposes we only need to consider a 
couple basic relationships from fluid mechanics and use a few culvert design rules to avoid 
situations with unpredictable flow behaviors.  In most cases there are three basic flow conditions 
that engineers consider, pipe flow with a submerged outlet, pipe flow with a free outlet, and 
orifice flow at the inlet (A, B, and C, below, respectively).  Submerged outlet conditions are 
determined by the depth of flow below the pipe or culvert.  To determine whether the culvert 
will experience pipe or orifice flow, compare the neutral slope, sn, to the actual slope of the pipe, 
s; if s > sn then orifice flow will persist.  Conceptually, in a steeply sloped culvert, inertial forces 
will dominate over frictional forces and the flow will be controlled at the culvert opening (orifice 
flow).  The neutral slope is the slope of energy grade line when the pipe just flows full, i.e., when 
the momentum due to the inertial force and the momentum loss due to friction are equal, and can 
generally be approximated with: 
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where Kc is the friction loss coefficient (tabulated) and v is the flow velocity in the full pipe.  In 
practice engineers sometimes calculate pipe dimensions for both pipe and orifice conditions and 
design using the large dimension. 
 
Note that if the upstream flow condition is such that the depth above the pipe’s entrance invert, 
Hu, is less than 1.2 time the pipe diameter, the pipe will be partially full throughout and behave 
as an open channel (Fig. 1).   
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Figure 1: Schematic of upstream flow depth and culver diameter. 
 
Try to ensure that Hu > 1.5D to avoid air entrapment into the culvert barrel. 
 
Relevant descriptions, equations, and tables are provided for each of the three flow conditions. 
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A. Submerged Outlet (Pipe Flow I) 
 
The following schematic illustrates the submerged outlet flow condition. 
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Figure A.1: Schematic of the submerged outlet culvert design condition. 
 
Pipe flow can be calculated with the following mechanistic equation (i.e., as opposed to 
empirical; units are internally consistent). 
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where q is the flow rate, a is the pipe cross-sectional area, H is the energy head (defined in Fig. 
A.1), Ke is the entrance loss (tables follow), Kc is the pipe frictional loss (tables follow), L is the 
pipe length. 
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B. Free Outlet (Pipe Flow II) 
 
The following schematic illustrates the free outlet flow condition with pipe flow in the culvert 
barrel.  
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Figure B.1: Schematic of the free outlet culvert design condition  
 
To determine discharge, use Eq. (A.1); note, however, that the definition of H has changed (Fig. 
B.1).  R is the culvert radius (D/2). 
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C. Orifice Flow Control 
 
Figure C.1 illustrates the orifice flow condition.  The flow condition persists when the culvert is 
especially steep or short and is sometimes referred to as “hydraulically short.” 
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Figure C.1: Schematic of the orifice flow culvert design condition  
 
 

gHaCq 2=  (A.1) 
 
where q is the flow rate, a is the pipe cross-sectional area, H is the energy head (defined in Fig. 
C.1), C is a head loss coefficient; for sharp inlets this is called the vena contracta and can be 
determined from first principles C = 0.611. 
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D. Culvert Tidbits 
 
Sizes: Culverts are primarily plastic, concrete, or metal: all three come in 3” intervals from 12” 
to 36” and 6” intervals up to 96”+.  Plastic and metal culverts are available in smaller sizes--
Plastic culverts: 2” to 12” diameters in 2” intervals; Metal culverts: 6”, 8” and 10” diameters. 
 
 
Inlet Conditions: (see figure for variable definitions) 
Whether or not the inlet will allow air into the culvert or pipe can be anticipated by the ratio of 
the depth to the inlet invert (invert = bottom of pipe), HI, the pipe diameter, D. 
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5.1>
D

H I  Culvert inlet will be submerged 

5.1<
D

H I  Air will probably get into the culvert 

2.1<
D

H I  Culvert will most likely run as an open channel 

 
 
Partially Full Culverts: (see figure for variable definitions) 
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* Particularly good books for open channels 
† These texts were previously used for this course 




