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AFT Arrow Verification Overview
There are a number of aspects to the verification process employed by Applied Flow Technology to 
ensure that AFT Arrow provides accurate solutions to compressible pipe flow systems. These are dis-
cussed in Verification Methodology. A listing of all of the verified models is given in Summary of Veri-
fication Models. The verification models are taken from numerous References.
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Verification Methodology
The AFT Arrow software is a compressible pipe flow analysis product intended to be used by trained 
engineers. As a technical software package, issues of quality and reliability of the technical data gen-
erated by the software are important. The following description summarizes the steps taken by Applied 
Flow Technology to ensure high quality in the technical data.

1. Comparisons with open literature examples

Open literature examples for compressible flow in pipe networks are very hard to find. However, 
examples for single pipe systems are more common. AFT Arrow has been compared against a number 
of single pipe examples with good agreement.

2. Software checks results to ensure mass and energy balance

AFT Arrow’s network solution method is based on a popular iterative method to solve pipe network sys-
tems. The method is known as the Newton/Raphson method. The methods that are used in AFT Arrow 
iterate on the governing equations to obtain a balanced mass and energy in the system. After a solution 
is obtained, a final check is made by the software whereby the mass flow and energy flow into each node 
is checked for balance. If a balance is not found, the user is warned in the output. This ensures that the 
results generated by the software agree with the applicable fundamental equations. 

See the  AFT Arrow  Help site for more information.

3. Hand/spreadsheet checks of the solutions confirm agreement with fun-
damental equations

AFT Arrow uses a marching method to solve the fundamental equations of compressible flow for each 
pipe. The results can be exported from AFT Arrow and checked by hand calculations or spreadsheet to 
evaluate agreement with the original equations. This has been performed by AFT and agreement has 
been demonstrated repeatedly.

See the  AFT Arrow  Help site for more information.

4. AFT Arrow offers three independent solution methods which can be cross-
checked

AFT Arrow offers three independent solution methods. Each is optimized for a particular application, but 
in many cases all three methods can be used to solve the same system. In such cases, agreement 
between the three methods gives confidence that accurate solutions have been obtained.

See the  AFT Arrow  Help site for more information.
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5. AFT Arrow predictions agree with AFT Fathom predictions for incom-
pressible flow

For incompressible and moderately compressible gas systems, AFT Arrow results can be compared 
against those generated by AFT Fathom. In such cases agreement between AFT Arrow and AFT 
Fathom has been demonstrated repeatedly.

6. Software has been used in industry since September, 1995 demonstrating 
repeated agreement with other methods and data

AFT Arrow became available in September, 1995, and is currently being used by companies in the fol-
lowing industries: chemical, petrochemical, power generation, architectural, ship construction, 
aerospace, and pharmaceutical. Since its release, AFT Arrow has been applied to numerous gas sys-
tems with various working fluids and has repeatedly demonstrated agreement with data and other ana-
lysis methods. In addition, Applied Flow Technology issues maintenance releases of the software 
periodically to improve performance and correct any problems that may have been discovered.
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Summary of Verification Models
All published compressible flow calculations of which AFT is aware are for single pipes. Because of the 
simplicity of the single pipe verification models, no views of the models are included in this 
documentation.  Comparison of AFT Arrow predictions to the published calculation results is included 
herein for twenty-one cases from 8 sources. Below is a summary of the cases.

Case Fluid Reference Sonic

Case 1 Air Anderson No 

Case 2 Methane Saad Yes

Case 3 Steam Crane No

Case 4 Air Crane No

Case 5 Natural Gas Crane No

Case 6 Steam Crane Yes

Case 7 Air Crane No

Case 8 Air Fox and McDonald Yes

Case 9 Unspecified (γ = 1.4) Lindeburg No

Case 10 Methane Lindeburg No

Case 11 Air Saad No

Case 12 Air Saad Yes

Case 13 Natural Gas Saad Yes/No

Case 14 Air Tilton Yes

Case 15 Air Janna No

Case 16 Air Nayyar Yes

Case 17 Air Nayyar Yes

Case 18 Air Nayyar Yes

Case 19 Air Nayyar Yes

Case 20 Air Nayyar Yes

Case 21 Air Nayyar No

Verification Case 1
Problem Statement
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PRODUCT: AFT Arrow

MODEL FILE: AroVerify1.ARO

REFERENCE: John D. Anderson, Modern Compressible Flow, 1982, McGraw-Hill, page 76, example 
3.4

GAS: Air

ASSUMPTIONS: 1) Adiabatic, 2) Perfect gas

RESULTS:

Parameter Anderson AFT Arrow

M2 – Mach number at exit 0.475 0.473

P2– Static pressure at exit (atm) 0.624 0.624

T2– Static temperature at exit (deg. K) 265.8 265.9

Po2– Stagnation pressure at exit (atm) 0.728 0.728

DISCUSSION:

As specified, inlet conditions are known and outlet conditions need to be determined. With the known 
inlet conditions, an implied mass flow rate exists. To pose the problem in AFT Arrow terms, a few simple 
calculations are needed to obtain the mass flow rate. Once obtained, it is applied as a flow demand at the 
exit. 

The problem states that the inlet Mach number is 0.3, P1 = 1 atm, T1 = 273 K. From the ideal gas law, 
density, sonic speed and mass flow rate are:

 

Note that the friction factor in Anderson is the Fanning friction factor. To obtain the Darcy-Weisbach fric-
tion factor used in AFT Arrow, multiply the Fanning friction factor by 4.

List of All Verification Models
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Verification Case 1 Problem Statement
Verification Case 1

John D. Anderson, Modern Compressible Flow, 1982, McGraw-Hill, page 76, example 3.4

Anderson Title Page
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Verification Case 2
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify2.ARO

REFERENCE: Michel A. Saad, Compressible Fluid Flow, 2nd Edition, Prentice-Hall, Englewood Cliffs, 
NJ, 1993, Page 215, example 5.3

GAS: Methane

ASSUMPTIONS: 1) Adiabatic, 2) Perfect gas

RESULTS:

Parameter Saad AFT Arrow

Maximum pipe length (m) 4,024 4,031

P2– Static pressure at exit (kPa) 48.2 48.3

V2– Velocity at exit (m/s) 433.17 431.82

T2– Static temperature at exit (deg. K) 278.43 278.15

DISCUSSION:

As specified, inlet conditions are known and the outlet conditions are sonic. The pipe length that yields 
sonic flow is the objective. With the known inlet conditions, an implied mass flow rate exists. To pose the 
problem in AFT Arrow terms, a few simple calculations are needed to obtain the mass flow rate. Once 
obtained, it is applied as a flow demand at the exit. 

The problem states that the inlet velocity V1 is 30 m/s, P1 = 0.8 MPa, T1 = 320 K. From the ideal gas law, 
density, sonic speed and mass flow rate are:

AFT Arrow does not solve for pipe length. To obtain the maximum pipe length, different lengths must be 
guessed with lengths that exceed sonic flow discarded.

Note that the friction factor in Saad is the Fanning friction factor. To obtain the Darcy-Weisbach friction 
factor used in AFT Arrow, multiply the Fanning friction factor by 4.
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It should also be noted that, from time to time, AFT finds it is necessary to modify the Solver used by 
Arrow to improve application performance, or for other reasons.  These modifications to the Solver may 
cause slight changes to the appropriate pipe lengths determined by Arrow.

List of All Verification Models
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Verification Case 2 Problem Statement
Verification Case 2

Michel A. Saad, Compressible Fluid Flow, 2nd Edition, Prentice-Hall, Englewood Cliffs, NJ, 1993, Page 
215, example 5.3

Saad Title Page
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Verification Case 3
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify3.ARO

REFERENCE: Crane Co., Flow of Fluids Through Valves, Fittings, and Pipe, Technical Paper No. 410, 
Crane Co., Joliet, IL, 1988, Page 4-6, example 4-10

GAS: Steam

ASSUMPTIONS: Example does not specify the heat transfer conditions, so it was assumed adiabatic in 
this model.

RESULTS:

Parameter Crane AFT Arrow

Static pressure drop (psi) 40.1 41.6

DISCUSSION:

Crane does not make a distinction between static and stagnation pressure, and it appears that static pres-
sure is usually assumed. Therefore, the inlet pressure of 600 psig was assumed to be static pressure.

To make a one-to-one comparison, the K factors and friction factor used in Crane were used directly in 
AFT Arrow. The K factors were modeled as fitting and loss values, which evenly spreads the effect of res-
istance across the entire pipe. In practice, the velocity changes in the pipe can yield different answers for 
fitting pressure losses depending on where they are actually located.

The AFT Arrow model uses the Redlich-Kwong real gas equation of state for steam. Note that the Crane 
formula underpredicts the pressure drop (by about 4%), which in most applications is not conservative.

List of All Verification Models
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Verification Case 3 Problem Statement
Verification Case 3

Crane Co., Flow of Fluids Through Valves, Fittings, and Pipe, Technical Paper No. 410, Crane Co., 
Joliet, IL, 1988, Page 4-6, example 4-10

Crane Title Page



- 26 -

Verification Case 4
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify4.ARO

REFERENCE: Crane Co., Flow of Fluids Through Valves, Fittings, and Pipe, Technical Paper No. 410, 
Crane Co., Joliet, IL, 1988, Page 4-9, example 4-16

GAS: Air

ASSUMPTIONS: Example does not specify the heat transfer conditions, so it was assumed isothermal in 
this model.

RESULTS:

Parameter Crane AFT Arrow

Static pressure drop (psi) 2.61 2.68

Volumetric flow rate at inlet (ft3/min) 20.2 20.2

Volumetric flow rate at outlet (ft3/min) 20.9 20.9

Velocity inlet (ft/min) 3367 3368

Velocity outlet (ft/min) 3483 3485

DISCUSSION:

Crane does not make a distinction between static and stagnation pressure, and it appears that static pres-
sure is usually assumed. Therefore, the inlet pressure of 65 psig was assumed to be static pressure.

Note that the Crane formula underpredicts the pressure drop (by about 3%), which in most applications is 
not conservative.

List of All Verification Models
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Verification Case 4 Problem Statement
Verification Case 4

Crane Co., Flow of Fluids Through Valves, Fittings, and Pipe, Technical Paper No. 410, Crane Co., 
Joliet, IL, 1988, Page 4-9, example 4-16

Crane Title Page
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Verification Case 5
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify5.ARO

REFERENCE: Crane Co., Flow of Fluids Through Valves, Fittings, and Pipe, Technical Paper No. 410, 
Crane Co., Joliet, IL, 1988, Page 4-11, example 4-18

GAS: Natural Gas (mole fractions: 75% methane, 21% ethane, and 4% propane)

ASSUMPTIONS: Isothermal flow at 40 degrees F

RESULTS:

Parameter Crane AFT Arrow

Mass flow rate using standard friction (MMscfd) † 107.8 125.0

Mass flow rate using Weymouth (MMscfd) 105 121.8*

Mass flow rate using Panhandle (MMscfd) 134 120.4*

†        Crane’s calculation uses the “Simplified Compressible Flow Formula”

*        Crane uses the actual Weymouth and Panhandle equations. AFT Arrow does have these equations, 
but instead solves the governing mass and momentum equations over pipe sections. The AFT Arrow 
Weymouth and Panhandle solutions above were obtained using the Weymouth and Panhandle friction 
factor correlation options in AFT Arrow rather than the standard Darcy-Weisbach friction factor (as used 
in the first case above).

DISCUSSION:

The mixture properties for this example offer an opportunity to use the Chempak mixture capabilities. 
The problem statement does not say whether the fractions are on a mass or mole basis, but it does say in 
Crane that the mixture molecular weight is 20.1. This is consistent with mole fraction. AFT Arrow’s output 
indicates the molecular weight of the mixture is 20.11.

As noted above (*), AFT Arrow has optional friction factor models for Weymouth and Panhandle (see 
Crane, page 1-8 or AFT Arrow documentation). These were used for the second and third cases above. 
However, regardless of what friction factor model is used, AFT Arrow differs from any of the three meth-
ods above in that it directly solves the governing equations and it does so over pipe segments. In this 
model, the pipe was broken into 100 segments.

Since it can be easily demonstrated that AFT Arrow’s solution satisfies the mass and momentum equa-
tions for this pipe, and the solution differs from the Crane solutions, the Crane solutions do not offer a 
mass and/or momentum balance.

List of All Verification Models
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Verification Case 5 Problem Statement
Verification Case 5

Crane Co., Flow of Fluids Through Valves, Fittings, and Pipe, Technical Paper No. 410, Crane Co., 
Joliet, IL, 1988, Page 4-11, example 4-18

Crane Title Page
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Verification Case 6
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify6.ARO

REFERENCE: Crane Co., Flow of Fluids Through Valves, Fittings, and Pipe, Technical Paper No. 410, 
Crane Co., Joliet, IL, 1988, Page 4-13, example 4-20

GAS: Steam

ASSUMPTIONS:

Example does not specify the heat transfer conditions, but it appears from the calculation procedure that 
adiabatic flow is assumed. The AFT Arrow model assumes adiabatic.

RESULTS:

Parameter Crane Modified Darcy For-
mula

Crane Sonic Velocity For-
mula

AFT 
Arrow

Mass flow rate (lbm/hr) † 11,780 11,180 11,158

Exit Static Enthalpy 
(Btu/lbm) N/A 1,196 1,149

Exit Temperature (deg F) N/A 317 243

DISCUSSION:

Crane does not make a distinction between static and stagnation pressure, and it appears that static pres-
sure is usually assumed. However, the problem statement is that the source steam comes from a 
header, where conditions are more likely stagnation. Therefore, stagnation pressure was assumed in the 
AFT Arrow model.

The Crane Sonic Velocity Formula yields a flow rate prediction that agrees well with the AFT Arrow pre-
diction. The Crane Modified Darcy Formula appears to yield flow rates that are too high. If the inlet con-
ditions in the AFT Arrow model are changed to static, the AFT Arrow flow rate prediction increases 
slightly to 11,498.4 (lbm/hr). AFT Arrow uses real gas properties for the steam as specified in the Fluid 
Panel.

The Crane sonic calculation assumes an isenthalpic process, which is why the exit static enthalpy is 
assumed to be constant at 1,196 Btu/lbm. With this assumption, the exit temperature is 317 deg. F.

However, an isenthalpic assumption turns out to be poor when the Energy Equation is applied. From the 
First Law, 

If the process is adiabatic, the heat transfer is zero and therefore,
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Thus, the static enthalpy will drop because of the velocity increase. When this is accounted for, the exit 
static enthalpy decreases to 1149. This yields an exit static temperature of 243.0 deg. F, which is 74 
degrees cooler.

List of All Verification Models
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Verification Case 6 Problem Statement
Verification Case 6

Crane Co., Flow of Fluids Through Valves, Fittings, and Pipe, Technical Paper No. 410, Crane Co., 
Joliet, IL, 1988, Page 4-13, example 4-20

Crane Title Page
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Verification Case 7
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify7.ARO

REFERENCE: Crane Co., Flow of Fluids Through Valves, Fittings, and Pipe, Technical Paper No. 410, 
Crane Co., Joliet, IL, 1988, Page 4-14, example 4-22

GAS: Air

ASSUMPTIONS: Example does not specify the heat transfer conditions. The AFT Arrow model assumes 
adiabatic.

RESULTS:

Parameter Crane AFT Arrow

Mass flow rate(scfm) 62.7 63.5

DISCUSSION:

Crane does not make a distinction between static and stagnation pressure, and it appears that static pres-
sure is usually assumed. From the problem description, the static pressure is clearly appropriate.

The predicted flow rates agree very closely.

The Crane prediction indicates that this pipe will have subsonic velocity at the exit and hence will not 
choke. However, a more proper formulation of this problem shows a different mass flow will occur. This is 
a good example of the limitations of simplified methods such as Crane. The discrepancy comes from how 
to handle the exit loss of the air as it discharges to atmosphere. The Crane solution takes the appropriate 
K factor, equal to 1, and lumps it together with the pipe friction to obtain an overall K factor of 7.04. 
However, if the K factor is applied at the discharge tank and not averaged along the pipe, the mass flow 
differs from that calculated by Crane. The predicted flow rate using this method is 64.4 scfm. This is not 
drastically different from Crane’s prediction, and well within typical engineering uncertainty. But the dif-
ference, which is small here, could be larger in other applications. 

List of All Verification Models
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Verification Case 7 Problem Statement
Verification Case 7

Crane Co., Flow of Fluids Through Valves, Fittings, and Pipe, Technical Paper No. 410, Crane Co., 
Joliet, IL, 1988, Page 4-14, example 4-22

Crane Title Page
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Verification Case 8
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify8.ARO

REFERENCE: Robert W. Fox and Alan T. McDonald, Introduction to Fluid Mechanics, Third Edition, 
John Wiley & Sons, 1985, Pages 632-633, example 12.8

GAS: Air

ASSUMPTIONS: 1) Adiabatic flow, 2) Perfect gas.

RESULTS:

Parameter Fox & McDonald AFT Arrow

L1-3 – length to choking (meters) 4.99 4.99

V1– Velocity at point 1 (m/s) 65.3 65.2

T1– Temperature at point 1 (deg. K) 294 294

M1– Mach number at point 1 0.19 0.19

M2 – Mach number at point 2 0.4 0.4

P2– Pressure at point 1 (mm Hg gage) -18.9 -18.9

L1-2 – length to measured pressure (meters) 4.29 4.29*

*        AFT Arrow does not have the ability to solve for pipe length, so the length was input. With this known 
length, the AFT Arrow Mach number at M2 should agree with Fox & McDonald’s, and it does. The res-
ulting mass flow rate is then used as input for AFT Arrow pipe #2.

DISCUSSION:

The predictions agree very closely. 

The two pipes in the AFT Arrow model represent the solutions to stations 2 and 3.

Note that the friction factor in Fox & McDonald is the Fanning friction factor. To obtain the Darcy-Weis-
bach friction factor used in AFT Arrow, multiply the Fanning friction factor by 4.

It should also be noted that, from time to time, AFT finds it is necessary to modify the Solver used by 
Arrow to improve application performance, or for other reasons.  These modifications to the Solver may 
cause slight changes to the appropriate pipe lengths determined by Arrow.

List of All Verification Models
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Verification Case 8 Problem Statement
Verification Case 8

Robert W. Fox and Alan T. McDonald, Introduction to Fluid Mechanics, Third Edition, John Wiley & Sons, 
1985, Pages 632-633, example 12.8

Fox and McDonald Title Page
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Verification Case 9
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify9.ARO

REFERENCE: Michael R. Lindeburg, P.E., Mechanical Engineering Review Manual, Seventh Edition, 
Professional Publications, Belmont, CA, 1984, Pages 8-11, 8-12, example 8.12

GAS: Unspecified except that the k value (i.e., γ) is 1.4

ASSUMPTIONS: 1) Adiabatic flow, 2) Perfect gas, 3) The gas is air, but for purposes of the example it 
only matters that the gas has k = 1.4, 4) No temperature was specified, so assume 70 deg. F

RESULTS:

Parameter Lindeburg AFT Arrow

M2 – Mach number at exit 0.35 0.36

P2– Pressure at exit (psia) 10.26 10.09

DISCUSSION:

As specified, inlet conditions are known and outlet conditions need to be determined. With the known 
inlet conditions, an implied mass flow rate exists. To pose the problem in AFT Arrow terms, a few simple 
calculations are needed to obtain the mass flow rate. Once obtained, it is applied as a flow demand at the 
exit. 

The problem states that the inlet Mach number is 0.3, P1 = 12 psia, T1 = 70 F (assumed). From the ideal 
gas law, density, sonic speed and mass flow rate are:

With this flow rate at the exit, the predictions agree very closely. 

Note that the friction factor in Lindeburg is the Fanning friction factor. To obtain the Darcy-Weisbach fric-
tion factor used in AFT Arrow, multiply the Fanning friction factor by 4.

List of All Verification Models
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Verification Case 9 Problem Statement
Verification Case 9

Michael R. Lindeburg, P.E., Mechanical Engineering Review Manual, Seventh Edition, Professional 
Publications, Belmont, CA, 1984, Pages 8-11, 8-12, example 8.12

Lindeburg Title Page
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Verification Case 10
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify10.ARO

REFERENCE: Michael R. Lindeburg, P.E., Mechanical Engineering Review Manual, Seventh Edition, 
Professional Publications, Belmont, CA, 1984, Pages 8-12, 8-13, example 8.13b

GAS: Methane

ASSUMPTIONS: 1) Isothermal flow, 2) Perfect gas

RESULTS:

Parameter Lindeburg AFT Arrow

Mass flow rate (lbm/s) 456 457

DISCUSSION:

The predictions agree closely. Part "a" makes a comparison to the Bernoulli equation, which Arrow does 
not solve. So part “a” was skipped.

Note that the friction factor in Lindeburg is the Fanning friction factor. To obtain the Darcy-Weisbach fric-
tion factor used in AFT Arrow, multiply the Fanning friction factor by 4.

List of All Verification Models
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Verification Case 10 Problem Statement
Verification Case 10

Michael R. Lindeburg, P.E., Mechanical Engineering Review Manual, Seventh Edition, Professional 
Publications, Belmont, CA, 1984, Pages 8-12, 8-13, example 8.13b

Lindeburg Title Page
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Verification Case 11
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify11.ARO

REFERENCE: Michel A. Saad, Compressible Fluid Flow, 2nd Edition, Prentice-Hall, Englewood Cliffs, 
NJ, 1993, Pages 213-215, example 5.2

GAS: Air

ASSUMPTIONS: 1) Adiabatic, 2) Perfect gas

RESULTS:

Parameter Saad AFT Arrow

M2 – Mach number at exit 0.685 0.686

M1 – Mach number at inlet 0.347 0.346

P1– Static pressure at inlet (kPa) 306 308

T1– Static temperature at inlet (deg. K) 312.76 312.9

DISCUSSION:

As specified, exit conditions are known and inlet conditions need to be determined for specified volume 
flow at exit. With the known exit conditions, an implied mass flow rate exists. To pose the problem in AFT 
Arrow terms, a few simple calculations are needed to obtain the mass flow rate. Once obtained, it is 
applied as a flow demand at the inlet. 

The problem states that the exit volume flow rate, Q2, is 1000 m3/min, P2 = 150 kPa, T2 = 293 K. From 
the ideal gas law, density, and mass flow rate are:

In AFT Arrow, the discharge pressure can be specified. The temperature can be specified at the exit junc-
tion, but the actual discharge is what is displayed for the pipe exit. The pipe exit temperature depends on 
the inlet temperature and the thermodynamic process in the pipe, which is adiabatic. Therefore, to solve 
this problem the inlet static temperature at J1 must be guessed until the pipe delivers 293 K at the exit. 
This results in the 312.9 K displayed in the above table.

All results agree closely.
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Note that the friction factor in Saad is the Fanning friction factor. To obtain the Darcy-Weisbach friction 
factor used in AFT Arrow, multiply the Fanning friction factor by 4.

List of All Verification Models
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Verification Case 11 Problem Statement
Verification Case 11

Michel A. Saad, Compressible Fluid Flow, 2nd Edition, Prentice-Hall, Englewood Cliffs, NJ, 1993, Pages 
213-215, example 5.2

Saad Title Page
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Verification Case 12
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify12.ARO

REFERENCE: Michel A. Saad, Compressible Fluid Flow, 2nd Edition, Prentice-Hall, Englewood Cliffs, 
NJ, 1993, Pages 226-227, example 5.5

GAS: Air

ASSUMPTIONS: 1) Adiabatic, 2) Perfect gas

RESULTS:

Parameter Saad AFT Arrow

Mass flow rate when choked (kg/s) 2.11 2.10

M1 – Mach number at inlet 0.603 0.603

P1– Static pressure at inlet (MPa) 2.106 2.114

T1– Static temperature at inlet (deg. K) 427.8 429.5

P2,choke– Static back pressure for choking (MPa) 1.203 1.220

DISCUSSION:

All results agree closely. The AFT Arrow static pressure below which choking occurs is the pipe exit static 
pressure.

Note that the friction factor in Saad is the Fanning friction factor. To obtain the Darcy-Weisbach friction 
factor used in AFT Arrow, multiply the Fanning friction factor by 4.

List of All Verification Models
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Verification Case 12 Problem Statement
Verification Case 12

Michel A. Saad, Compressible Fluid Flow, 2nd Edition, Prentice-Hall, Englewood Cliffs, NJ, 1993, Pages 
226-227, example 5.5

Saad Title Page
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Verification Case 13
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify13.ARO

REFERENCE: Michel A. Saad, Compressible Fluid Flow, 2nd Edition, Prentice-Hall, Englewood Cliffs, 
NJ, 1993, Page 270, example 6.5

GAS: Natural Gas

ASSUMPTIONS: 1) Isothermal, 2) Perfect gas, 3) Natural gas can be represented with methane

RESULTS:

Parameter Saad AFT Arrow

P2– Static back pressure at exit (kPa) 263.16 262.0

M2 – Mach number at exit 0.38 0.38

L1-2 – length to reach 500 kPa (m) 544.79 558.6

LT – length to reach sonic choke point (m) 710.0 709.8

PT– Static pressure choke point (kPa) 114.46 115.7

MT – Mach number at isothermal choke point 0.874 0.865

DISCUSSION:

As specified, inlet conditions are known and outlet conditions need to be determined. With the known 
inlet conditions, an implied mass flow rate exists. To pose the problem in AFT Arrow terms, a few simple 
calculations are needed to obtain the mass flow rate. Once obtained, it is applied as a flow demand at the 
exit. 

The problem states that the inlet Mach number is 0.1, P1 = 1 MPa, T1 = 293 K. From the ideal gas law, 
density, sonic speed and mass flow rate are:



Verification Case 13
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The first pipe represents the pipe from point 1 to 2. The second pipe represents the pipe from point 1 to 
the choking point. AFT Arrow does not solve for pipe length. To obtain the maximum pipe length, different 
lengths must be guessed with lengths that exceed sonic flow discarded. 

The results for part b) were obtained by interpolating the Internal Pipe Results for the first pipe.

All results agree closely. The AFT Arrow static pressure below which choking occurs is the pipe exit static 
pressure.

Note that the friction factor in Saad is the Fanning friction factor. To obtain the Darcy-Weisbach friction 
factor used in AFT Arrow, multiply the Fanning friction factor by 4.

It should also be noted that, from time to time, AFT finds it is necessary to modify the Solver used by 
Arrow to improve application performance, or for other reasons.  These modifications to the Solver may 
cause slight changes to the appropriate pipe lengths determined by Arrow.

List of All Verification Models
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Verification Case 13 Problem Statement
Verification Case 13

Michel A. Saad, Compressible Fluid Flow, 2nd Edition, Prentice-Hall, Englewood Cliffs, NJ, 1993, Page 
270, example 6.5

Saad Title Page
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Verification Case 14
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify14.ARO

REFERENCE: Robert H. Perry and Don W. Green Editors, Author James. N. Tilton, Perry's Chemical 
Engineer's Handbook, Seventh Edition, Page 6-25, example 8

GAS: Air

ASSUMPTIONS: 1) Adiabatic, 2) Perfect gas

RESULTS:

Parameter Tilton AFT Arrow

Mass flow rate (kg/s) 2.7 2.7

DISCUSSION:

The objective is to solve for the choked flow rate. The results agree closely.

List of All Verification Models
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Verification Case 14 Problem Statement
Verification Case 14

Robert H. Perry and Don W. Green Editors, Author James. N. Tilton, Perry's Chemical Engineer's Hand-
book, Seventh Edition, Page 6-25, example 8

Perry's Title Page
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Verification Case 15
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify15.ARO

REFERENCE: William S. Janna, Introduction to Fluid Mechanics, PWS Publishers, Belmont, CA 1983, 
Pages 317-319, example 8.8

GAS: Air

ASSUMPTIONS: 1) Adiabatic flow, 2) Perfect gas

RESULTS:

Parameter Janna AFT Arrow

M2– Mach number at exit 0.14 0.14

P2– Pressure at exit (psia) 9.63 9.84

T2– Temperature at exit (deg. R) 528.8 528.9

DISCUSSION:

As specified, inlet conditions are known and outlet conditions need to be determined. With the known 
inlet conditions, an implied mass flow rate exists. To pose the problem in AFT Arrow terms, a few simple 
calculations are needed to obtain the mass flow rate. Once obtained, it is applied as a flow demand at the 
exit. 

The problem states that the inlet velocity is 100 ft/s, P1 = 15 psia, T1 = 530 R. From the ideal gas law, 
density, and mass flow rate are:

With this flow rate at the exit, the predictions agree very closely. 

List of All Verification Models



- 58 -

Verification Case 15 Problem Statement
Verification Case 15

William S. Janna, Introduction to Fluid Mechanics, PWS Publishers, Belmont, CA 1983, Pages 317-319, 
example 8.8

Janna Title Page
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Verification Case 16
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify16.ARO

REFERENCE: Mohinder L. Nayyar, Piping Handbook, Seventh Edition, McGraw-Hill, New York, 2000, 
Page B.394, B.397, B.398, Example B8.2

GAS: Air

ASSUMPTIONS: 1) Adiabatic flow, 2) Perfect gas

RESULTS:

Parameter Nayar AFT Arrow

M1– Mach number at valve 0.317 0.317

P1– Pressure at valve (psia) 128.46 128.58

DISCUSSION:

The problem assumes an unusual inlet boundary condition where the flow rate is known and the stag-
nation temperature. AFT Arrow uses the static temperature at the inlet because it is typically associated 
with a flow rate. To match the 120 F stagnation temperature, the inlet static temperature was iterated a 
few times.

The conditions result in sonic choking at the discharge.

The predictions agree very closely.

List of All Verification Models
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Verification Case 16 Problem Statement
Verification Case 16

Mohinder L. Nayyar, Piping Handbook, Seventh Edition, McGraw-Hill, New York, 2000, Page B.394, 
B.397, B.398, Example B8.2

Nayyar Title Page
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Verification Case 17
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify17.ARO

REFERENCE: Mohinder L. Nayyar, Piping Handbook, Seventh Edition, McGraw-Hill, New York, 2000, 
Page B.398, Example B8.3

GAS: Air

ASSUMPTIONS: 1) Adiabatic flow, 2) Perfect gas

RESULTS:

Parameter Nayar AFT Arrow

M1– Mach number at valve 0.317 0.317

P1– Pressure at valve (psia) 256.93 257.15

DISCUSSION:

The problem assumes an unusual inlet boundary condition where the flow rate is known and the stag-
nation temperature. AFT Arrow uses the static temperature at the inlet because it is typically associated 
with a flow rate. To match the 120 F stagnation temperature, the inlet static temperature was iterated a 
few times.

The conditions result in sonic choking at the discharge.

The predictions agree very closely.

List of All Verification Models
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Verification Case 17 Problem Statement
Verification Case 17

Mohinder L. Nayyar, Piping Handbook, Seventh Edition, McGraw-Hill, New York, 2000, Page B.398, 
Example B8.3

Nayyar Title Page
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Verification Case 18
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify18.ARO

REFERENCE: Mohinder L. Nayyar, Piping Handbook, Seventh Edition, McGraw-Hill, New York, 2000, 
Page B.398, Example B8.4

GAS: Air

ASSUMPTIONS: 1) Adiabatic flow, 2) Perfect gas

RESULTS:

Parameter Nayar AFT Arrow

M1– Mach number at valve 0.243 0.243

P1– Pressure at valve (psia) 168.52 168.61

DISCUSSION:

The problem assumes an unusual inlet boundary condition where the flow rate and the stagnation tem-
perature are known. AFT Arrow uses the static temperature at the inlet because it is typically associated 
with a flow rate. To match the 120 F stagnation temperature, the inlet static temperature was iterated a 
few times.

The conditions result in sonic choking at the discharge.

The predictions agree very closely.

List of All Verification Models
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Verification Case 18 Problem Statement
Verification Case 18

Mohinder L. Nayyar, Piping Handbook, Seventh Edition, McGraw-Hill, New York, 2000, Page B.398, 
Example B8.4

Nayyar Title Page
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Verification Case 19
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify19.ARO

REFERENCE: Mohinder L. Nayyar, Piping Handbook, Seventh Edition, McGraw-Hill, New York, 2000, 
Page B.398, Example B8.5

GAS: Air

ASSUMPTIONS: 1) Adiabatic flow, 2) Perfect gas

RESULTS:

Parameter Nayar AFT Arrow

P1– Pressure at valve (psia) 165.29 165.60

DISCUSSION:

The problem assumes an unusual inlet boundary condition where the flow rate is known and the stag-
nation temperature. AFT Arrow uses the static temperature at the inlet because it is typically associated 
with a flow rate. To match the 500 F stagnation temperature, the inlet static temperature was iterated a 
few times.

The conditions result in sonic choking at the discharge.

The predictions agree very closely.

List of All Verification Models
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Verification Case 19 Problem Statement
Verification Case 19

Mohinder L. Nayyar, Piping Handbook, Seventh Edition, McGraw-Hill, New York, 2000, Page B.398, 
Example B8.5

Nayyar Title Page
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Verification Case 20
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify20.ARO

REFERENCE: Mohinder L. Nayyar, Piping Handbook, Seventh Edition, McGraw-Hill, New York, 2000, 
Page B.399, Example B8.6

GAS: Air

ASSUMPTIONS: 1) Adiabatic flow, 2) Perfect gas

RESULTS:

Parameter Nayar AFT Arrow

M1– Mach number at valve 0.235 0.235

P1– Pressure at valve (psia) 661.96 662.27

DISCUSSION:

The problem assumes an unusual inlet boundary condition where the flow rate is known and the stag-
nation temperature. AFT Arrow uses the static temperature at the inlet because it is typically associated 
with a flow rate. To match the 120 F stagnation temperature, the inlet static temperature was iterated a 
few times.

The conditions result in sonic choking at the discharge.

The predictions agree very closely. 

List of All Verification Models
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Verification Case 20 Problem Statement
Verification Case 20

Mohinder L. Nayyar, Piping Handbook, Seventh Edition, McGraw-Hill, New York, 2000, Page B.399, 
Example B8.6

Nayyar Title Page
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Verification Case 21
Problem Statement

PRODUCT: AFT Arrow

MODEL FILE: AroVerify21.ARO

REFERENCE: Mohinder L. Nayyar, Piping Handbook, Seventh Edition, McGraw-Hill, New York, 2000, 
Page B.399-400, Example B8.7

GAS: Air

ASSUMPTIONS: 1) Adiabatic flow, 2) Perfect gas

RESULTS:

Parameter Nayar AFT Arrow

M1– Mach number at valve 0.4096 0.413

P1– Pressure at valve (psia) 25.15 24.94

DISCUSSION:

The problem assumes an unusual inlet boundary condition where the flow rate is known and the stag-
nation temperature. AFT Arrow uses the static temperature at the inlet because it is typically associated 
with a flow rate. To match the 120 F stagnation temperature, the inlet static temperature was iterated a 
few times.

The result is sub-sonic conditions at the discharge.

The predictions agree very closely.

List of All Verification Models
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Verification Case 21 Problem Statement
Verification Case 21

Mohinder L. Nayyar, Piping Handbook, Seventh Edition, McGraw-Hill, New York, 2000, Page B.399-400, 
Example B8.7

Nayyar Title Page



Verification Case 21 Problem Statement

- 75 -


	Contents
	AFT Arrow Verification Overview
	References
	Verification Reference - Anderson Title Page
	Verification Reference - Crane Title Page
	Verification Reference - Fox and McDonald Title Page
	Verification Reference - Lindeburg Title Page
	Verification Reference - Perrys Title Page
	Verification Reference - Janna Title Page
	Verification Reference - Saad Title Page
	Verification Reference - Nayyar Title Page

	Verification Methodology
	Summary of Verification Models
	Verification Case 1
	Verification Case 1 Problem Statement

	Verification Case 2
	Verification Case 2 Problem Statement

	Verification Case 3
	Verification Case 3 Problem Statement

	Verification Case 4
	Verification Case 4 Problem Statement

	Verification Case 5
	Verification Case 5 Problem Statement

	Verification Case 6
	Verification Case 6 Problem Statement

	Verification Case 7
	Verification Case 7 Problem Statement

	Verification Case 8
	Verification Case 8 Problem Statement

	Verification Case 9
	Verification Case 9 Problem Statement

	Verification Case 10
	Verification Case 10 Problem Statement

	Verification Case 11
	Verification Case 11 Problem Statement

	Verification Case 12
	Verification Case 12 Problem Statement

	Verification Case 13
	Verification Case 13 Problem Statement

	Verification Case 14
	Verification Case 14 Problem Statement

	Verification Case 15
	Verification Case 15 Problem Statement

	Verification Case 16
	Verification Case 16 Problem Statement

	Verification Case 17
	Verification Case 17 Problem Statement

	Verification Case 18
	Verification Case 18 Problem Statement

	Verification Case 19
	Verification Case 19 Problem Statement

	Verification Case 20
	Verification Case 20 Problem Statement

	Verification Case 21
	Verification Case 21 Problem Statement



