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Duct Systems Design Guide



Exhaust Ventilation Air System



Exhaust Ventilation Air System
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Duct Design

Learning Objectives
• Overview – Basic Equations
• Pressure Losses
• Hoods
• Duct Shape
• Duct Fittings for Exhaust 
• Transport Velocity
• Duct Sizing
• Example Design
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Velocity

Basic Equations
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Velocity V =  Ad = 
Ad

If  Q (cfm[L/s])  and A (ft2 [m2]) are known,  the duct velocity, V (fpm, m/s) can be 
calculated

Example 1: If the volume flow rate in a 22 in. (560 mm) duct is, Q = 5000 cfm (2360 L/s), what 
is the average velocity of air in the duct.

D = 22 inch (1.83 ft) [ 560 mm]
Ad =  𝝅 𝟏. 𝟖𝟑 𝟐 =  2.64 ft2 (.25 m2)

4
V =  5000 / 2.64 = 1894 fpm [(2360/.25/ 1000) = 9.6 m/s]



Example 2: If the design volume flow rate is 13,000 cfm (6135 L/s)  and 
the velocity is 4000 fpm (20.3 m/s), what is the diameter.

Ad = Q / V = 13,000 / 4000 = 3.25 ft2 (Multiply   by 144 to get in2) = 468 in2

[Ad = Q / V = 6135 / 20.3/1000  = 0.30 m2 ]

Basic Equations

Velocity V =  Ad = 
Ad

D = 
D = = 24.4 inch
D = = 0.62 m (618 mm)



According to the law of conservation of mass, the volume flow rate after flows converge is equal 
to the sum of the flows before convergence at constant density.

Qc = Qb + Qs
Where:

Qc = common (upstream) volume flow rate, cfm (L/s) 
Qb = branch volume flow rate, cfm (L/s)
Qs = straight-through volume flow rate, cfm (L/s)

Basic Equations - Converging Flow
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• Total pressure (pt) represents the total energy of the air flowing in a duct system.
• Energy cannot be created or increased except by adding work or heat (typically at 

the fan)
• Energy and thus total pressure must always decrease from an inlet to the fan or  

once the air leaves the fan.
• Total pressure losses represent the irreversible conversion of static and kinetic 

energy to internal energy in the form of heat.
• These losses are classified as either friction losses or dynamic losses.

p

Total Pressure



• Static Pressure is a measure of the static energy of air flowing
• Air which fills a balloon is a good example of static pressure
• Equally exerted in all directions
• The atmospheric pressure of air is a static pressure = 14.696 psi at sea level. One psi 

~ 27.7 in. of water,  1 atm~ 407 in. of water [101.325 kPa]
• Static pressure will decrease with an increase of velocity pressure
• Static pressure can increase if there is a decrease in velocity pressure (static regain)

p

Static Pressure



• Velocity pressure (pv) is always a positive number in the direction of flow
• Will increase if duct cross-section area decreases
• Will decrease if duct cross-sectional area increases
• When velocity pressure increases,  static pressure must decrease
• When velocity pressure decreases,  there can be a gain in static pressure

p

Velocity Pressure



p

Velocity Pressure

p

Where:
pv = velocity pressure, in. of water (Pa)
V = velocity, ft/min (m/s)
ρ = density, lbm/ft3 (Kg/m3)

p ρ V2/2

For standard conditions, ρ = 0.075 lbm/ft3 (1.204 kg/m3)

I-P

SI



Pressure – Changes in Pressure

Δpt = Δps + Δpv

(ASHRAE 2017 Handbook, Chapter 21)

Derived from the Bernoulli Equation
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Pressure Losses

Types

Friction Losses  

Dynamic Losses



Darcy-Weisbach Equation  (ASHRAE 2017 Handbook, Chapter 21)

Where:
𝒇 = friction factor
L = Length, ft (m)
𝑫𝒉 = hydraulic diameter, ft (m)
pv = velocity pressure, in wg ( Pa)
C = loss coefficient

Left hand side is the Darcy Equation for the friction losses.
Right Hand Side is the Weisbach Equation for fittings or other dynamic losses.

The ASHRAE Duct Fitting Database Determines Friction Losses and Fitting Losses and 
Coefficients and  includes over 200 types of fittings

Pressure Losses



Friction – Colebrook Equation

Pressure Losses

The Colebrook equation was developed to calculate the friction 
factor, f; requires you  to also know the Reynolds Number, Re and 
the absolute roughness, ε (ft[mm]), which is determined 
experimentally.



Pressure Losses
(from ASHRAE 
2021 Handbook)
page 21.7



Pressure Losses
(from ASHRAE 2021 Handbook)



Dynamic

The right-hand side of the Darcy-Weisbach Equation is 
the Weisbach Equation

Pressure Losses



𝒗

Dynamic -How Loss Coefficients are Determined

Pressure Losses



𝒗

Dynamic – Loss Coefficients , ASHRAE Duct Design Database

Pressure Losses

ASHRAE Duct Fitting Database (DFDB)
• Has 232 Fittings 
• Calculates Loss of Round, Rectangular and Flat Oval Duct and Fittings
• Calculates and Takes into Account Density – Can Change Air Properties
• Determines Pressure Loss Base on Input Dimensions and Flow Rates
• Can Look at Complete Fitting Loss Coefficient Table Data, Print it or 

Export it to Excel
• Can Lookup Fittings in Table View by Filters 
• Results in I-P or SI



Example Using ASHRAE Duct Design Database I-P

Pressure Losses

Friction Loss, 10” Diameter, Airflow is 1000 cfm, L = 100 ft, ε = 0.0003 ft



Example Using ASHRAE Duct Design Database SI

Pressure Losses

Friction Loss, 254 mm Diameter, Airflow is 472  L/s, L = 30 m ,ε = 0.09 mm



Example Using ASHRAE Duct Design Database I-P

Pressure Losses

Example:   10” Dia,  90° Smooth Radius Elbow, R/D = 1.5.  Airflow is 
1000 acfm. Elevation is 5000 ft.



Example Using ASHRAE Duct Design Database   SI

Pressure Losses

Example:   250 mm Dia,  90° Smooth Radius Elbow, R/D = 1.5.  
Airflow is 472 L/s. Elevation is 1524 m.



Example Using ASHRAE Duct Design Database I-P

Pressure Losses

Example:   Ds = 10 in., Db= 8 in. Dc=12 in., Qs= 2200 cfm and Qb =1400 cfm. Elevation is 5000 ft.



Example Using ASHRAE Duct Design Database SI

Pressure Losses

Example:   Ds = 250 mm, Db= 200 mm Dc = 300 mm, Qs= 1050 L/s and Qb = 660 L/s Elevation is 
1630 m.



Pressure Losses

Example:   24” Round Duct, L = 100 ft, Standard Density

Friction Efficiency – Roughness vs Velocity, I-P



Pressure Losses

Example:   610” Round Duct, L = 30 m, Standard Density

Friction Efficiency – Roughness vs Velocity, I-P



Pressure Losses

Example:   24” (610 mm ) Round Duct, L = 100 ft (30 m), Standard 
Density using ASHRAE DFDB

Friction Efficiency – Roughness vs Velocity

Observations:

 Factor of 13+!! Increase in Pressure Loss when Velocity is Increase by a Factor 
of 4, From 1000 to 4000 fpm (5 to 20 m/s)

 0.05 in wg (13 Pa)  increased to 0.71 in wg (171 Pa)

 Factor of only 1.2 to 1.4 Increase in Pressure Loss When Roughness (ε ) is 
Increased by a Factor of 10

 At 1000 fpm (5 m/s) , 0.05 in wg (13 Pa) increased to 0.07 in wg (17.7 Pa)
 At 4000 fpm (20 m/s), 0.71 in wg (171 Pa) increased to 1.09 in wg (262 Pa)



Pressure Losses
Equivalent Round for Rectangular and Flat Oval Duct – Converting Duct 
Sizes

De= Equivalent Round, in (mm)
AR = Cross-section Area, in2 (mm2)
W= Rectangular Width, in (mm)
H = Rectangular Height, in (mm)
A = Flat Oval Major Dimensions, in (mm)
a = Flat Oval Minor Dimensions, in (mm)



Pressure Losses

Example:   Diameter = 10 inch, Standard Density using ASHRAE 
DFDB

Fitting Efficiency – Round Elbows



Pressure Losses

Example:   Diameter = 250 mm, Standard Density using ASHRAE 
DFDB

Fitting Efficiency – Round Elbows



Pressure Losses
Preferred Duct Fittings - Elbows



Pressure Losses
Preferred Duct Fittings - Wyes



Pressure Losses
Preferred Duct Fittings – Branches



Pressure Losses
Preferred Duct Fittings – Fan Inlet Connections



Pressure Losses
Preferred Duct Fittings – Stacks



Designing the Exhaust Duct System 
Overview

• Step 1__Determine air volume requirements based on the required 
capture velocity and Hood intake area.  Include an allowance 
for leakage. 

• Step 2__Determine the type of Hood and Location.

• Step 3__Locate duct runs.  Avoid unnecessary directional changes

• Step 4__Determine the allowable noise (NC) levels.

• Step 5__Determine the minimum transport velocity 

• Step 6__Determine duct sizes to maintain the transport velocity

• Step 7__Use round sizes when possible

• Step 8__Determine system pressure requirements.  Include total 
pressure losses of components.

• Step 9__Sum the losses in each path to the fan.

• Step



Designing the Exhaust Duct System 
Overview

• Step 10__Determine the design leg(s)

• Step 11__Determine the required fan operating pressure

• Step 12__ Analyze the design to improve balancing and reduce material 
cost.

• Step 13__Select fan according to proper guidelines for the operating                       
pressure and maximum total volume flow rate 

• Step 14__Analyze the design to make sure it meets the acoustical 
requirements.

• Step 15__Select  materials that minimize cost and meet SMACNA Duct 
Construction Standards.

• Step 16__ Analyze the life-cycle cost of the design.  

• Step 17__Commission the design to make sure it meets the Owner’s Project 
Requirements (OPRS) 



Pressure Losses – The Design Leg

Critical Path

Critical paths are the duct sections from a fan outlet to the 
terminal device with the highest total pressure drop for supply 
systems or from the entrance to the fan inlet with the highest 
total pressure drop for return or exhaust systems.



Designing the Duct System Overview
Selecting the Design Method

Use the Manual of  Recommended Practice of Design (AGCIH 2019) to 
calculate hood airflow rates

• Air quantities are actual airflow based on the air density
• Hood velocity determines the effectiveness of the hood regardless of the 

acfm.  If the actual airflow is not high enough the velocity will not capture 
the air contaminants.

• Hoods are designed for particulate control, not collections  although there 
often is a collector. 

• Particles that settle out should be cleaned up to prevent reentrainment due 
to foot traffic and air currents.

• Velocity pressure should be corrected for density.



Transport (Conveying) Velocity – Constant Velocity Design Method

Designing the Duct System

Called Constant Velocity Design Method because You Must Maintain a 
Constant Minimum Transport Conveying Velocity So Contaminants 
Don’t Fall Out of the Airstream

• For vapors, gases and smoke, you can design with Equal Friction (See 
the Duct Systems Design Guide (DSDG)  chapter on Designing with 
Equal Friction).  Velocities should still be in the range of 1000 to 
2000 fpm (5 to 10 m/s)

• Table 2-1 in the in the SMACNA Round Industrial Duct Constructions 
Standards (Round IDCS) Third Edition are Ranges of Minimum 
Transport (Conveying) Velocities for varius materials



Transport (Conveying) Velocity – Constant Velocity Design Method

Designing the Duct System



Transport (Conveying) Velocity – Constant Velocity Design Method

Designing the Duct System



Transport (Conveying) Velocity – Constant Velocity Design Method

Designing the Duct System



Constant (Transport) Design Method Steps

• Size all main and branch duct at the constant transport velocity. Round 
duct sizes down so as to maintain the minimum required velocity.

• Calculate the total pressure loss for each section including  hoods, 
duct, junctions, collectors or other items.

• If by hand, a spreadsheet will be helpful 
• For each main and branch of a junction be sure to account for the 

straight-through and branch loss coefficients
• Tabulate the total pressure required for each path from the hood inlets 

to the fan)
• Determine the critical path and maximum operating pressure
• Determine the excess pressure for each non-critical path
• Use smaller sizes or additional airflow in the non-critical paths to 

balance the system (don’t use blast gates or dampers unless Class 1)

Designing the Duct System



Example
Size the system shown using constant minimum velocity. ε = 0.0003 ft (0.12 mm) . RH%=50. The design
parameters are shown in the Table. Size to 0.5-inch (12 mm) sizes. Used the ASHRAE DFDB for Calculations

Designing the Duct System



Example – Hoods Used

Designing the Duct System



Designing the Duct System - Example



Example – Spreadsheet Calculate Sizes and Pressure Losses I-P

Designing the Duct System

Sections 1 and 2



Example – Spreadsheet Calculate Sizes and Pressure Losses SI

Designing the Duct System

Sections 1 and 2



Example – Spreadsheet Calculate Sizes and Pressure Losses I-P

Designing the Duct System

Sections 3, Collector and 6



Example – Spreadsheet Calculate Sizes and Pressure Losses SI

Designing the Duct System

Sections 3, Collector and 6



Example – Spreadsheet Calculate Sizes and Pressure Losses

Designing the Duct System

Imbalance

I-P SI



Example – Spreadsheet Calculate Sizes and Pressure Losses

Designing the Duct System

Balancing with Airflow

Qc =  the Corrected Airflow for Balancing, cfm (L/s)
QL =  the Original Airflow in the Section that Needs Balancing, cfm (L/s)
ΔpH = Higher Pressure Loss in the Section to be Balanced Against , in. wg (Pa)
ΔpL = Lower Pressure Loss in the Section to be Balanced Against , in. wg (Pa)



Example – Spreadsheet Calculate Sizes and Pressure Losses

Designing the Duct System

Balancing with Airflow

Example Balancing with Airflow – Increase Airflow in Section 1 to Balance the System.



Example – Revisiting the Spreadsheet Calculate Sizes and Pressure Losses Sections 1 and 2, I-P

Designing the Duct System
Balancing with Airflow



Example – Revisiting the Spreadsheet Calculate Sizes and Pressure Losses Sections 1 and 2, SI

Designing the Duct System
Balancing with Airflow



Designing the Duct System

Balancing with Airflow

Example – Spreadsheet Calculates Sizes and Pressure Losses (I-P)
Sections 3, Collector and 6 (revised for balancing)



Designing the Duct System
Balancing with Airflow

Example – Spreadsheet Calculates Sizes and Pressure Losses (SI)
Sections 3, Collector and 6 (revised for balancing)



Example – Spreadsheet Calculate Sizes and Pressure Losses, I-P

Designing the Duct System

Imbalance Corrected

Original More Balanced



Example – Spreadsheet Calculate Sizes and Pressure Losses, SI

Designing the Duct System

Imbalance Corrected

Original More Balanced



Summary

 Equal Friction Designs for 1000 to 2000 fpm (5 – 10 m/s) Should 
be Used to Size Sections not Carrying Fumes or Particulates

Constant (Transport) Velocity Should be Used to Size Other 
Sections 

Get Hood Loss Coefficients from the Industrial Ventilation 
Manual from ACGIH

 Efficient Fittings Should be Used
Consider Increasing Airflow in Non-Design Legs to Help Balance 

the System.  Don’t use Dampers or Blast Gates for Balancing
 Smaller Duct Sizes or Less Efficient Fittings can also be Used

After the Initial Design to help Balance the non-design legs,
which should Lower First Cost



Questions?

Thank You
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Questions?

Patrick Brooks, P.E.
pbrooks@smacna.org


