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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.

-15 -



Verification Methodology

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.

-16 -



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
Case4 | Air Crane No
Case 5 | Natural Gas Crane No
Case6 [ Steam Crane Yes
Case7 | Air Crane No
Case 8 | Air Fox and McDonald | Yes
Case 9 [ Unspecified (y=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

-17 -



Summary of Verification Models

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
M5 — Mach number at exit 0.475 0.473
P>~ Static pressure at exit (atm) 0.624 0.624
TH— Static temperature at exit (deg. K) | 265.8 265.9
P o~ 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 numberis 0.3, P1 =1 atm, T1 = 273 K. From the ideal gas law,
density, sonic speed and mass flow rate are:

p1 = RP:}, = 1 atm = 1.203 kg/m®
' (0.2868 e K)(273 K)

oy = \/4RT} = \/ 1.4(2875)273 K = 331.2"2 (sonic velocity)

kg kg

m=p V1A =p;(Ma;)A (1293 )(03)(3312’”)(’70152 m?) = 2.27-2

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

- 18 -



Summary of Verification Models

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

76 MODERN COMPRESSIBLE FLOW : WITH HISTORICAL PERSPECTIVE

Example 34 Consider the flow of air through a pipe of inside diameter =
015m and length =30 m. The inlet flow conditions are M, =03,
py = 1atm, and T, = 273 K. Assuming f = const = 0.005, calculate the flow
conditions at the exit, M, pz, T, and p,_.

SoLution From Table A.1: For M, =03, p, /p, = 1.064. Thus

Poy = 1.064{1 atm) = 1.064 atm

From Table A4: For M, =03, 4fL¥/D = 5299, p, /p* = 3619, T,/T* =
1179, and p,, /p* = 2.035. Sjnce L =30 m =L} — L3, then L¥=LF-L
and

gL 4Lt gL (4)@.008)(30) _
SR =St - = 52993 - R = 12993

From Table A4: For 47I%D = 1.2993, , TofT* =1.148,

pa/p* = 2258, and p,,/p¥ = 1.392. Hence

Pt 1 -
Pr= P =225 (1 atm)=| 0624 am |

T, T* 1
o mal (e 93 = ;
T; 7T, = L1148 179 73 2658 K
e 551064 =[ 0728 am |
Pos = —”:—” P, = 1392 e 1.064 =( 0.728 atm

PP

Certain physical trends reflected by the numbers obtained from such solu-
tions are summarized hers:

1. For supersonic inlet flow, i.e, M, > 1, the effect of friction on the downstream
flow is such that :
a. Mach number decreases, M, < M,
b. Pressure increases, p; > p;
¢. Temperature increases, 73 > T,
d. Total pressure decreases, p,; < p,,
e. Velocity decreases, u; < u, |
2. For subsenic inlet flow, 1e., M‘l < 1, the effect of friclion on the downstream
flow is such that
a. Mach nsumber increases, M { =M,
b. Pressure decreases, p, <
¢. Temperature decreases, T, < T}
d. Total pressure decreases, p,, < p,,
e. Velocity increases, u; > u,

From the above, note that friction always drives the Mach number towards 1,
decelerating a supersonic flow and accelerdting a subsonic flow. This is em-

-19 -



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
P>~ Static pressure at exit (kPa) 48.2 48.3
V5~ Velocity at exit (m/s) 433.17 431.82
TH— 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:

o1 = }Z{ - O-Sk{‘fp a = 4.823 kg/m®
1
0.5179 ——)(320 K
(05179 1 “)(320 K)
m=p V1A= (4.823 %)(30 %)(% 0.3 m?) = 10.2265 %

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.

-20 -



Verification Case 2

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

-21 -



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

Sec. 5.4 Equations Relating Flow Variables 215
(d) The change in entropy is:

ds = cplnﬂ— RInZ
1

'
293 150
= Iﬂmlnm = ZSTlnﬁ
= —63.26 + 204.65 = 139.39 J/kg K
but
o= AV, = -"—’i)w
= pAlV; = RT, 1
L5 x 16N [7 ~
= (m) [E 0.3) :I (235.79) = 29.74 kg's
Therefore:

A8 = (139.39)(29.74) = 414577 J/Ks

In the ahove examples the friction factor wus assumed constant. But for a
duct of a certain relative roughness the value of f is a function of Reynolds number
Re as depicted by the Moody diagram. In a constani-area duct, Re in turn depends
on the velocity, density, and viscosity, which change as the fluid flows in the
duct. But from continuity the product gV is constant, so that the only variable in
Re is the viscosity and, unless viscosity changes drastically, the variations in f
are small. An additional factor to be considered is that most engineering appli-
cations involve turbulent flow, where f depends on the relative roughness of the
duct but is essentially insensitive to the magnitude of Re. The following example
illustrates these effects.

Example 5.3

Methane {y = 1.3, R = 0.5184 klikg K) flows adiabatically in a 0.3 m commercial
steel pipe. At the inlet the pressure p, = 0.8 MPa, the temperature 7, = 320 K
(viscosily = 0.011 x 107* kg/m-5), and the velocity ¥, = 30 mvs. Find:

(a)} The maximum possible length of the pipe.
(b} The pressure and velocity at the exit of the pipe.

Solution

(a) The conditions at the exit are sonic (M = 1);

N . L 3
P = RT, < Gsisap) - 5P keim
Vr 30 30

M=—= = z
"o T VILIGIR 4(320) | 464.386

= [.0646

-2 -



Verification Case 2 Problem Statement

216 Adiabatic Frictional Flow in a Constant-Area Duct Chap. 5

e g ViD _ (4.823)30%0.3) _ 3946 % 10°

2 " 0.011 % 10°

and

€ — 0.00015 sothat f, = 0.00333

D
If this value of f, is considered constant, then;
Ly 1-MP y+1 {y + DM}
i 2y " |
e 2 (1 + M?)
2
1 — 000417 2.3 2.300.00417)
= ¢ o la

0.00543 2.6 2(1.000626)
183.239 — 4.72 = 178.67

The maximum possible length of the doct is:

. _ (17867 % 0.3) _
e TR

Noting that p, ¥, = p*V*, the Reynolds number at the exit is:
*V*D Vi
RE*=£'—*""='U'; =Re1('&,';)
2 » "

The temperature at the exit is given by:

Eel] v+ 1
2
- 320 [M] - MHBK
2.1
at T* = 278431 K, p* = 0.0104 x 10" * kg/m-s, so that:
001 x 1073
o= & = B
Re* = 3,946 x 10 (—~——~—-~—u_um4 = ll]") 4,174 x 10

and F* = 0.0033, which is close to f,. For an average value f = 0.003315,
LY = 4042 m.

p* 2(|+T—_!M§)
) — = M, 2 = 0.0603
P ¥+ 1

s0 that p* = 48.2 kPa. The velocity at the exit is;

V* = VaRT* = V(1.3)(518.4)(278.43) = 433.17 m/s

-23 -



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

Joliet, IL, 1988, Page 4-6, example 4-10

Crane Title Page

4-6 CHAFTER 4— ERAMPLES OF FUOW PROBLEMS

CRANE

Pressure Drop and Velocity in Piping Systems

Example 4-10. .. Piping Systems —Steam

Given: foo psig steam at 8se F Hows chrough oo
fust wl harizentai G-inch Schedule 8o pipe at a rate
of go,po0 pourids per hour.

The system contains three go degree weld elbuws
having a relacive radius of 1.5, one fully-cpen & ¥ 4-
jinch Class Goo venturi gate valve as Jescribed in
Fxpmple 4-4, and one t-inch Class foo y-partern
plobe valve. Latrer has a seat diameter equal to 0.
of the inside diameter of Schedule So pipe, disc
fully lifred.

Find: The pressurs drop through the syster.

Salution:

8% 107t KW

;. AF = e ... prpe 34

2. For globe valve (see page A-27),

o, ki o3 (- 8+ (-89
o7 @
K- s5fr
A=cn
I K o-14fr ST A0* weld clbows; poge A-19
K-_.I'LL—] ST e R L pipe; puge 34
J"{,—fl;t%l e G .. .page 37
de dagor & Sched, 80 pipe; page BT
V=126 ... B0 pei gteam, 350 F; page A-17
Erarmiays EEER TR page A1
_,Irp = TREN: s e L puge AL

5. For globe valve,

i, sixotsr.als (- .00+ G- ofF]

et Ky
Ka=1.44
. 6.91 % go oo
a R, .-—3,5#— - 305 w10t
701 % ooay
Faoorg .. pire; page A-25
dE EEENNEGE ol

Eo=3w14 %0015 - 003 3 slbows; page A-20

Kg=1t44 ... 6 % 4" gare valve: Example 4-4
7. Summarizing K flor the entire system (globe
valve, pipe, ventiari gate valve, and elbows),

Ko-t44+12.5 + 061+ 144 = 16

1B ¥k 1b ot ket w210
=

i AP P

AP = 40.1

Example 4-11.. .Flat Heating Coils—Water

Gien: Water at 1Bo F is flowing through a flac
heating coil, shown in the sketch below, at a rate
of 1§ gailons per minute.

1" dchidh le
o Pigs

Vaimm
[ I

Find: The pressure drop from Paint A 10 B

Solution:
- i

5 AP L I_S_:-: ]Lc‘f‘ Ke® page 34
R, - %"l@ﬂ ................... page 32

K L E . 1
:_fﬁ e aew. oo . suraight pipe; page 14
ride=yg e pipe bends
Ko = 14fr -90F bends: page ALY

Ka = (n-1) (.:srrfrgav.s:‘\'m) + Ky

Rk L 180° bends; page AAI9

3 p=bosy oo o owarer, 180 F; page A6
IR 1 R R cwarer, 182 F page A3
d = 1040 _1* Sched. 40 pips; poge B-16
fr =003 .17 Sched, 40 pipe; pags A-26
PO (i L B
5040 X O34
feoo1s ... .pipe
K- OPM = 4.04 I straight pipe
1049

Fowzw 14 b0y =0y ., ana 90¥ bends
4 Forseven 1807 bends,

Kp = 7[(2-1) {2257 x c.oe3 x4} +

(0.5 % 0.32) + &31] = 3.87

£ Kyorar = a4 + 064 +3.87 =025

18 e x a5 x 6o.57 % 1"

2 - 191
1.049

6 AP

-25.
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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

CRANE

CHAPTER 4 — FXAMPLES OF FIO'W PROBLEMS 4-9

Pressure Drop and Velocity in Piping Systems — continued

Example 4-15. . . Power Required for Pumping

Given: Water at 70 F is pumped through the piping
systern below at a rate of
100 gallons per minute. Elvaation Z, - 400

3 Sahedule 50 pips

am
iyl [ T FLOW, Foul 37 Slhrdard 90°
gL o Theetde: Elbaws
l Eigwalion 2, - @
g
E i
254 * Clote LIE Chesh, Ve with wing-peidid disc
slalled wilh resecers i 37 .

Find: Tiwe total discharge head £ ar (lowing condi-
tions and the brake harsepower (bhp) required for a
pump having an eliiciency (e,) of 7o per cenl.

Sofuriarn: 1, Use Bernoulli's Lheorem |zee page 3-2):
134 47 o
'—7|| ?_»___‘1__1_2’!_‘_
1 g
2, Simce ¥y - #yand v = ¥y, the equation can be
rewritler: 1o estahlish rhe pump head, H.

%h&—Pﬂ—mr¢u+m

C.oot Ty OO
3 Rp=-—= iSRS iy T
R, <1139 d‘J ............... T
In
- r_,;;_f_[g' P page -2
OHp
-— e age B0
ad 247 CCOC, B
s Koozafr W elbuw; page A29
Ry= 8 fr .gare valve; page A-27
[ N
K —}'D .« ostraight pipes pegs 34
Koo exitg page A-I9
& d - 3008 .3 Echud. 40 pipe; page b6
PrmcBEACET g R R page A
EREY eSS B b page A3
frecold oage A6
6
3 b& :
R, - 129X 7008 % 4.3 5. e
Caf
{ =con <. .page MG15
7 Keaxioxnootb=zah . fout H0° elbowns
Ky-dwxacid-oa04 L. -an qare valve
i Nlife check valve with
K.areo " ledueers; Exmnple 4-5

For gos feet of 3-inch Scheduls 4o pipe,

. OOED x FE0 o (2
K- 3 obf - 4100
And,

KrotaL - 210+ 014 + 17.0 - 41 €0+ 1 - 714

O.ODE§g ® 714w oot
hiy - e oy Sa— B
3.abd

g. H= g0+ 21 = 421

Po0 W 420w B,

14700 KO0

b -

Example 4-16. . . Air Lines
Ciren:  Adr at bs psig and 110 F is flawing through
75 feet af 1-inch Schedule 40 pipe at a rate of 100
standarcd cubic feet per minure (sefm).
Find: The pressure drop in pounds per square inch
and the welocicy in leec per minule au boch up-
stream and downstream gauges
Solution: 1. Referring to the table on page By,
sead pressure drop of 1.0 psi for 1ee pei, 60 19 gir

¢ a flow rate of 100 seim through 1o feet of -inch
Schedule 40 pipe.

2. Correction lor lengch, pressure,

and remperature {page B-1g):

., (__:-_s_) (Lon + 1:..?) (4(:0 +__|__:9)
=] b5 + 127 F10
oHP - 2,61
7. Tofind the velocity, the rate of flow in cubic
feet per minute at flowing conditions musc
b determined Trom page B-v5.

P 147 400+ 1
q""""’(1-1.?1-!-’)( 510 )

AL LG R

14.7 FLLo |19)_ H;
q“‘"m(w.wbs)( 530 e

A downsoren, gaome

. 14.7 ___;(\:'--Hu e
q“-lod[|4-?-fths—=-'ﬁlJ( s2o ) i

4. V= g-;—' Copage 34T
¥ A = oooh .. page B-16

Ve 22| 3367

prle e

» 100G
V= Tod < 3483
onoh

LB LPEERREE EAupe

- &t dowrabrrie guge

b salverd by use af the pressure
drop formula and nom . shewn o pages 3-2 ard 1-21
respectively or the velocity formula and nomograpn shivan
crpages ¥ 2 ard 31 T respecuively.

Note:. Example 4-10 may
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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) 1 | 107.8 125.0

Mass flow rate using Weymouth (MMscfd) 105 121.8%*

Mass flow rate using Panhandle (MMscfd) 134 120.4%*

1 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

CRANE

CHAFTER 4 — ERAMPLES OF FLOW PRDALEMS 4-11

Pipe Line Flow Problems — continved

Example 4-18. . .Gas

Given: A natural gas pipe line, mede of j4-inch
Schedule 20 pipe, is 1co miles long. The inlet
pressure is 1300 psia, the outlet pressure is jo0
psia, and the average temperature is 4o F,

The gas consists of 759 methane (CH)), 2.1%
ethane (CeHe), and 3% propane (C:Hs).

Find: The flow rate in millions of standard cubic
feet per day {(MMscld).

Solutions; Three sclutions to this example are
presented for the purpose of illustrating the varia-
tions in results oktained by use of the Simplified
Compressible Flow formula, the Weymouth for-
rula, and the Panhandle formula.

Simplified Compressibia Flow Farmuin
{sem page 3-3t

, fripne = (Pw}*:[ !
Lo II‘}J\F["—%{LMT& of
2. AimergaadBn s R page B-18
= 428 185
3. f= 00118 turbulent fdow assumed ; page A-25
T=4bn+t=g4b0+40= 500
5. Approximate atomic weights:
Carbon. . .. ..
Hydrogen.. .. H= 10

Cwi20

5. Approximate molecular weighes,
Methane {CF,)
M= {1x12.0)+ {gx10) =10
Ethane (CsHs)
M= {zx1z0)+{bx10) =30
Prapane (CyHy)
M= {3x120) +(8x1.0) =44
Natural Gas
M= 06x075) + (30 x0.21) + {44 x 0.08)
M = 10.0b, or say 0.1
M (gas 201
{1300* = 300%) 418 185
ool x 1oo K 5o0 % 0093

> S‘. ...papge }-§

[
g ga=n m.:wi

¢’y = 4 490 000

5
B, q,‘ i (4 4L OO fl.) (14 j-n") R

1 ooo coa ki day

i R.=9.-1?*}9_~§~. T
{13

IFR p=0o0 estimated, page A-7

£3 R - 0.482 % 4 400 000 X C.603
# " 13.370 x 0.010

R, = 1s1guoao or 1.arg x 1o”

r3. f=o00128 . .page A-25

14.  Since the assumed friction factor (f — ©.0118)

is correct, the flow rate is 107.8 MMscid,
[{ the assumed [riction [(actor were incorrect, it
would have ta be adjusted and Steps 8, g, 12, and 13
repeaced until the assumed friction factor was in
reasonable agreement with that based upen the cal-
culated Reynolds number,

Waymaouth Farmuls

{ree page 3-31
iR )t — (B {520y
s crmseon [EEZEY)

16, d®%7 = 1o0g

7. 4= 288 x |MQ\JJ% (;_T:Z)

Qs = 4 350 coo
i 5 4 380 000 ft’) (24}#)
&, - - 105.1
: i (1 coo ooo br/ \ day

Fanhondls Farmule
[ea pogs 3-30

L. %] i Gse
19 s 3&.a£f-um[w?fi]

m

20.  Assume average operation conditions; then
efficiency is g2 per cent:
E=og2

2r. dREN o By

08— qont 0.6
22, g’y = 30.8 xo0.91 x Bg (%}

g's = § 570000

.. {s3m00u0 ft‘) (14 br)
i q‘-(1ocomhr day 2
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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:
Crane Modified Darcy For- | Crane Sonic Velocity For- | AFT
Parameter
mula mula Arrow
Mass flow rate (Ibm/hr) § | 11,780 11,180 11,158
Exit Static Enthalpy
(Btw/Ibm) 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 (Ibm/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,

V2 V2
G = (b + 5 —h2 = 5)

If the process is adiabatic, the heat transfer is zero and therefore,
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Verification Case 6

V2 V2
hy =hn+ 5 =

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

CRANE CHAPTER 4 — EXAMPLES OF FLOW FROBLEMS 4-13

Discharge of Fluids from Piping Systems — continued

Example 4-20. . .5team at Sonic Velacity

Given. A header with 170 psia saturated steam is feeding
5 pulp stock digester through so feer of -inch Schedule
40 pipe which includes one standard go degree elbow and a
fully-open conventional plug type disc globe valve. The
initial pressure in the digester is atmosphetic,

Find: The initial fAow rate in paunds per heur, using

bath the modified Darcy formuls and the sonic velocity and
conlinuity equations.

Solutions—for theory, see page 1-g:

Meodifled Darcy Formula Sanle Valaciy and Cantinuity Equations
1 WeggL Ya® ;\’3)_': v page 3-4 % b= Vhgig PV e
L A 2 W= L Equation 3-2; page 3-2
K-ig R Pl PR e 20500
" p 100 P =P\ - AP
z. =340 fr Coee s Rlobe valve: AIT ¢
Kl : globe valve: page ! P aago - 11335 = 365
=3efr Beeneiae e 507 elbow,; page ALy AP determined in Step 6.
Ka 0.5 .- .entranee from hebder; page A-29 -
IF. 'l, - 1190 17 psia saturated steam; sage A-d
Ke10 <o e o el b digeseer; page AC2Y
 EROT ORI s 13, At 30.¢ psia; the tempercture ol steam with
3 o » d*) ? pege A total neat of 1106 Buu/le couals 317 [, and
= 2.0b - .. .17 pipey - 7
7 4272 17 pipe; page B-16 [ pages A-13 and A-th
ff =O0Ig it rae e page A-2H R e o
V,- 26738 R il ”I’"Tk.l'z““'ZKm“w"ﬁ'smu
fe = 105
_ 000930 % 12 e
4 K 2,007 R T § SRR 30 feer, 27 pipe W (ﬂ_\_q.z X 42IT 41 o1ga
" J.L a T
K- o xooigebab L 2¥ glabe valve Zabls o
Keijoxoomwg=os5r ... ... 27 907 elbow NOTE
and, for che entire system, :
K _ - In Steps 11 and 12 canstant total heat hg is assumed.
=331 40404087 05 +1.0= 1184 But the increase in specific volume from inlet to outler
requires that the velocicy must incresse. Source of the
5 Q:P 1o —1e7 1553 B kinetic energy increase is the internal heat energy of
P 17¢ L0 the fluid. Consequently, the heat energy acrually de-

6. Using the chart on page A-zs for k = 1.3, it is creases toward the outlet Caleulation of the correct
jound that for & — 1L, 84, the rrm;cihum hg at the cq._vcic_n vields a llow rate commensurate with
AP/P is o785 (interpolated from table on page the snawer in Step B;
A-22). Since AP/P’ s less than indicated in Step
5. sonic velocity accurs at the end of the pipe, and
&8P in the equation of Step 7 is: )
AP wor8sxi70= 13156
e fi solured
7. Y=ose e o

i
8 Weatgixes xaapfgllia

W= 11780
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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

4-14 CHABTER 4 — EXAMPLES OF MLOW FROBLEMS

CRANE

Discharge of Fluids from Piping Systems == conlinued

Example 4-21...Gases at
Sonic Velocity

Given: Coke oven gas having a specific gravity af
.42, @ header pressure of 115 psig. and a tem-
perature of 140 F is flowing through 2e feet of 3-
inch Schedule 4o pipe before discharpging to atmos-
phere.  Assume ratio of specific heats, k = 1.4.

A af 3 Echadile 40 Fipe

pd

Lis piig I u ]

Find: The flow rate in standard cubic feet per
haowr (scfh).

Salution—for theory, see page 1-g;

] v
I q'y = 4C Foo th\"%{:—_'—% it 3 4
1
L
K -JFD . page 74
2. =254 047 =13307
3 f=caurs . _page A-2%

MNote: The Reynalds number nced not be cal-
culated since ges discherged tw atmusphere
through 8 short pipe will have a high R, and
Mo will always be in a Jully urbwlent range,
in which the frierion factor 1v constrnt

4. d = 3.008 o =941 pape B-i6
D= oass;
L _oxirsxie :
5. K-~fg= i 1.360 . fur pipe
K=o0o35 vov.. . for entrance; page A-29
K=o ... for exit; page A-29
K= 136p+05+1.0=1.8F total
AP 1387 — 142 1250
g =T N bB
Py 139.7 139.7 93

7. Using the chart on page A-1: for k = 1.4, it
is found that for K - 1.87, the maximum
MAPYPY s 0657 (interpolated from table on page
A-r1). SBince AP/PY is less than indicated in
Step b, sonic veloeity aceurs at the end of the pipe
and AP in Step 1 is:
AP =0bs57 Py=obsrx119.7 » o 8
g, T1= 140 + 4bc = Goo

9. Y = a.b3y .. ... [interpolated f(1om

‘table; page A-21
ro. g’y is equal to:

[01.8% 1307 _

4n?mxcbﬂx9'“3\'13'x&coxcu
.87 ;

g's = 1028 000

Example 4-22. _.Compressibla Fuids
ot Sybsonic Yelocry

{iiven: Air at a pressure of 0.1 psig and a tem-
perature of yoo F s measured at a point 10 feec
fram the outfet of a Lg-inch Schedule 8o pipe dis-
charging to atmosphere,

Find: The flow rate in standard cubic feet per
minute [(s¢fim).

Solution;
AP Py
. @me O7B Y o
i q m 7 \'IK 1.8, page 3-4
L
K-rf-],—j coee e 144
3, Pl i1+ 147 = 340
3 AP=1gg
4 d = o.740 d* = o.gd . page B- 16
D= 00455
5. F—omoi7y - fully turbulere flow; page &-2§
L  ouoipsxio
&, K —fD - O;i—-;—g = = B.og Ao pipe
K=o Coeooo o o exit) page AZZO
Kabog+1lwros ... ... total
AP 159
7o e = =i g 508
" 340" 90
g, Y = a0 .. pagc A-Il

3. T.=4bo+r1h460+[50-56c

¢ i [ 193x%340
e Q=078 x 070 x O.tQSIx, TR
§'w = B2.7
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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
L _3 — length to choking (meters) 4.99 4.99
V1~ Velocity at point 1 (m/s) 65.3 65.2
T{— Temperature at point 1 (deg. K) 294 294
M- Mach number at point 1 0.19 0.19
M, — Mach number at point 2 0.4 0.4
P>~ Pressure at point 1 (mm Hg gage) -18.9 -18.9
L1.7 — 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 Mo 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

632  12/5TEADY ONE-DIMENSIONAL COMPRESSIBLE FLOW

The ratio of local stagnation pressure to the reference stagnation pressure is given by

Po _Po P p*

pt p 0}

e e Bl

M| k-1 I 7 TEoiymen
Lo bt (1+T—r~)

(k + 1) ki
—1 Kfik - 13 2
_ (l o k w) 1 § 1

2
or
Po _ 1 2 ko~ 1 % et ienE-1
S [(k . l)(l M (12.18¢}
The ratios in Egs. 12,18 arc tabulated as functions of Mach aumber in Table D.2 of
Appendix D,
Example 12.3

Air flow is induced in a smooth insulated tube of 7.16 mm diameter by a vacuum pump.
The air is drawn from a room where the abselnte pressure is 760 thm Hg and the
temperature is 23 C through a smoothly contoured, converging nozele. At seclion (T,
where the nozzle joins the constant-area tube, the static gage pressure is — 18.9 mm Hg.
At section (&, located some distance downstream in the constant-area tube, the static
pressurcis — 412 mm Hg{gage). The duct walls arc smooth; the average friction factor,
f. may be taken as the valuc at section (T). Determine the length of duct required for
choking from section (T), the Mach number at section (2), and the duct length, L,
between sections (1) and 2.

EXAMPLE PRCBLEM 12.8

GIVEN:  Air flow (with friction) in an insulated constant-area tube.

To=296 K

pp = 760 mm Hg

Gage pressures: py = — 89 mm Hg, py = —41Z mm Hg, My=18
FIND: (a} L,. k) Mi. () Ly

SOLUTION:

Flow in the constant-area tube is frictional and adiabatic, a Fanno tine flow. To find the
friction factor, we need to know the Row conditions at section (1. 1T it is assumed that flow in
the nozzle is isentropic, local propertics at the nozzle axit may be computed using iseatropic
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Verification Case 8 Problem Statement

ADIABATIC FLOW IN A CONSTANT-AREA DUCT WITH FRICTIONS 124 633

y - itk Ly
Poy _ (1 ¥ kil ME)
P

relations. Thus

Solving for M, we obtain

2 P, |k Lk 12 2 760 0.286 Tyerz
M =4 adt -1 =4 = -0
! {k—l[(pl 04| \766 - 153 Hp oo
T, 296 K
Tyt = =04 K
E—1 + 0.2(0.190)
i M2 L 4 0.2(0.190)
2
fr—— 14 WIN-m 194K  kgem |12
V1=Mtc,=erkRT1=0.lEJU[ % kg-Kx xN_s“::l
¥, =653 m/sec

By = gpughy = 85Gpy.0M

98l m 136 999 kg (760 — 189G~ m N -sec’
= — X X —3 X ®
560 m kz-m

P =988 kPa (abs)

. 388 x10*° N  kg-K L L
=i — e % —— = 117 kg/
VERT m: 28I N-m 294K 8%
At T =294 K(21C) i =19 x 1077 kg/m - sec [rom Fig A.2, Appendix A. Thus
Re, =&,D_1. - 1.1?&33 . 65.2 m 0.00716 m G _mse_cs =288 x 10¢
I m SEC 19 x W *kg

; From Fig. 3.14, for smooth pipe, { = {.0235. From Table D.2 at M, = (.19, p/p* = 5745,
and fL_. /D = 1638 Thus, assuming [ = f,.

.fLmal DA 1
= = i = 07 e = 4,
Lya = (Loxh ( D )1 T 16.38 = 0.00716 m = 60035 = 99 m Lia

Since p* is constant for Fanno lite How, conditions at section 72 can be determined [rom the
pressure ratic, (p/p*),. Thus

_ . ‘s
P\ _P2_Pab _pafp) (TEO—ALR o 608
Pl bt PPt NP/ \T60 - 189

From Table D.2, at (p/p*); = 2.698, M, = 0.40 M,

At M, = 0.40, FL ../ Dy = 2309 (Table D.2). Thus

_ B L Dy 2309 000716 m 1
Loy ={Lmu)z —(_-'3:—)2 7, = X X o075 =074 m

Finally,

- 2 = — 07 =472
Liy=Li3~EL; =049 -0T04jm =429m Li;

This t5 the same physical syslem as that analyzad in Example Problem 12.7. Use of the
tables simplifies the calculations and makes it possible to determine the duct length.
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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., y)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

M5 — Mach number at exit | 0.35 0.36

Py~ 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, P4 =12 psia, T4 =70 F (assumed). From the ideal
gas law, density, sonic speed and mass flow rate are:

P, 12 psia

pl — =
RT, ft« Ibf
(53.34 7——)(529.67 R)

= 0.6116 Ibm/ ft3

a; = y/YRT = \/1.4(53.34 lﬁn lb};)529 67 R = 1128. 1— (sonic velocity)

1= pViA = py(Mya;)A = (0.6116 %)(0.3)(1128.1 %)(%0.32 ft2) = 1.463 B

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

COMPRESSIRLE FLUID DYNAMICS 3-11

h
M, <1
M
M, =1

5
Figure 8.4 Fanne Line

The Fanno Bne ia a plot of enthalpy versas entropy,
derived from the cocrgy conservation law, continuily
cquation, and the change in entropy relationships.
Tigure 8.0 illustrates the Fanno ling, showing how
velocily lomds lowarda My = I, regardless of M.

With Fanno flow and an inilially subsonic Qow at poink
1, the presaure drops as x increnses. Since the des-
wity also drops, the velority incroases.? However, since
the pressure drop is proportional lo the square of the
velocity, the rate of change of pressure {dp/dz) .in-
creases. Liventually, a8 pry i lowerud sulliciently, the
velocity in the duct becomes ponie, after which no in-
crepse in velocity or mass flow can occur. Lowering pry
furlher will have no offect oo the choked flow.*

Because the flow iv adinbutic, the total temperature
remalins constant., Thus, cquatien B8R ean be ueed to
find the temperature al any point in the duet. The ratio
of static prossure s given by equation 8.37,

o)) o

Tor romnd ducls, the Aydraubic dinmecéer, 1?5, ia equal
ig the lnaide dizmeter, T .y i® the maximum distanee
required for M to become ulli1.-3'.E

Af Tmax J—M‘)_[k-o-i

Dy \ kMT )\ 2%
e 8.38

i (E+1)M*

2{1+ 1 (k— 1147

The length of duet required to change My to any other
value, M, is

_ Dyl e _ 4/ me) |
-ar(Ga ) (ol ==

;II' e veloeity in bhe duct bs Initially supersonic, the veloelby will
decrease, eppronching M = 1.

Ifatice that the tofal pressure & nob constank in Fanne flow.
Howewer, siner the Aow & sdisbstiz, the tobal temperstore does
net shinge.

Thy Fanning friction facter, T, also ia known as the coe [ fiefent
of friction, Cp. Mulliplying ilN" Fanning Priction factor by 4,
has been douc fu fguee 800, converls 1t Lo the Darey friction
fagtor,

The slatic gas properties at any point arc reiabed Lo the
sonie propertics ascording to equations 8.40, 8.41, and
242,

E+l e
7 2[1+ (k—1)M7) '
T . k+¥1 A1
b 2[1 I 2[!:—-1}le

i

pra _ 1 f 2 , 17
Pra: oo ol Mg b= ;
= M(H_i[ + §(k IJM]) 8.42

These equations are useful ooly in the simplest of prob-
lesns. Tahulated or graphed values (se in figure 8.14)
are reguired in most situaliona.

With Fauno flow and an initially sonic flow alb poiot I,
the frletion canses the pressure, densily, and tempera-
ture Lo increase and the velocity to decrease. The Iric-
tional cffeets eause the fluid to reach M — | ut the
exit,

100 0

EDE T

a0

20

-—
37

10

& -
4[>

L]

M o
re

P,
ra

iF T ~

"
ra
ra

1 |

0.6 L
0.4

,

LA
1
!

0.2 T
(18] l

0.06:
0.04

1
|
!
{ B
0.02 {r

a.0
01 02 04 1 4 10
Mach number, M

Figure %.10 Fanno Flow Relationships, k= 1.4

frample 815

Gas {k =
foot dinmeter duel at 12 psiz and M = 3.

1.4) cnters an adiabatic, conslant-area 0.3
If the
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Verification Case 9 Problem Statement

B-12 COMPRESSIBLE FLUINY DYNAMICS

Fanning frivtion factor is 003, what is the Mach aumber
and pressure 50 foet downstream?

From figure %10 or equation 838, the value of
4f 2maxf D I8 found to he 5.3

50 feet downstream,
4fz _ (4][003)(60) 28
Dy 3 o
From cquetion 8.19,

A femax "
=53-20=3.
( T )-‘ 4.3-—-20=3.3

Selving for My Mrom equation 8.38 is not casy, but My
can be found from ligure 8.10. It iy approximately 3a.
At this apeed, pfp™ (frem the chart or squation 8.40) is
appraximately 3.08. Au the entrance, pfp‘ is 3.62, or

o 12

P =g =382

Therefore, py = (3 32)(3.00) = 10,24 in.
Bzample £.18
A duct [D; = 2.0 inches, f = .005) receives air at

M = 2, The total pressure and temperature at the
enlrance wre Tﬂ.ﬂﬁ ]]ﬁ-l'll ilnd lﬂaﬂ"n.
{a) Find the temperature and pressure at the entrance.

{b) Find the total temperature, tatal presaure, static
temporabure, and stalic pressure atl a poinl where M =
1.75.

(£} Find the distance between the poinls where M =2
and M = 1.75.

(&) From the isentropic flow table for M = 2,

T: — (.5558){ LO8D) = B00°R
= (. 1278)(78.25) = 10 psia

(b] Although it jan't known if the duet i [ong enough
for chaked Now (M — 1) to exist, thal point still can
be used s A reference point. The following values are
read [rom a Fanno llow table. {Figure 8,10 can be used
alan.}

M =30 M=175
L 40825 40205
P
=g 16875 1.3865
bT .

1—3} BUBST 74419

YL 30499 22504

Tri1 — Tre == 1080°R since Lhe Oow is adiabalic,
A TNTY q4419Y _
rom (2 )(5) = oo 249 - e
w2 46205 ; .
= E2NE)= —] 12l
=] m(p‘)(m) [10)(140325) pai
R i i - . 1.3885
pra = pn(p; )(m) = 825 Yogrs

— 4.3 paia

(c) At M = 2, the distance lo reach M =L ia

 {30400)(2)-

= [41(:005) = 30.5 lnches

L

At M = 1.75, the distance Lo reach M =1 s

 (22504)(2)

s {4)[.005)

= 22.5 inches

The distance betwesn points 1 and 2 is
L=UL;—Ly=305—225 - B inches

10 ISOTHERMAL FLOW WITH FRICTION

Az the Mach number approaches unity, an infinite heat-
transfer rale is required to keep the flow jsolhermal.
That is why the gas Bow is cluser to adiabatic than to
imolhermal, A uotable exceplion ia encountered with
long-dialunce pipelines where the earth supplies the
needed heat to keep the low isothermal ®

For any given pressure drop, the mass flow rate in given
by the Weymouth equation.

(vt —

2 5 b
m}p ge{m/1} 2.43
ifzRT
The Panning lriction factor, f, in the Weymouth equa-
tion is sssumcd to be given by equation 8.44.

00348
F= D) 844

fizample 8.14

A 40 inch (inside diameter) pipe is placed into service
currying natural gas between pumping stationa 75 miles
apart. The gas leaves the prmping stations at 650 psia,
but the pressure drops te 450 psia by the time it reaches
the next station. The gas temperature remains constant
at 40°F. Assume the gas is methane (MW.=18).

“The low velocltlos [loss than 20 ft/scc) trpical of nalural gas

pipelings herdly acem eppropriste in shis chapter. However, the
gas experiences s density change along the length of pipe.

PROFESSIOMAL ENGINEERING REGISTRATION PROGRAM « PO, Box 911, Sar Carlos, CA 84070
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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 (Ibm/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

B-12 COMPRESSIBLE FLUIM DYNAMICS

Funning frirtian lactor is 003, what is the Mach aumber
and pressure 5i] feet downatream?

From figure 810 or ecquation 8,38, the value of
4f zmaxf Dy is found to be 5.3

50 feet downstream,
4fz _ {4)(-003)(50) _ 20
[P ] =
From equation 8.39,

"Jr"'max "
=53-20=3
( o L 5.3-20 =33

Solving for My from equation 8.38 i= not casy, but My
can be found from figure 8.10. It s approximately .35.
At this apeed, p/p" (from the chart or squation 8.40) is
appraximately 3.09. At the entrance, pfri' i 3.62, or

4 12

P =g =392

Therefore, py = (3.32)(3.00) == 10.26 pin.

Bzample £.18
A duct [D; = 2.0 inches, f = .005) receives air at

M = 2, The total pressure and temperature at the

enlrance are Tﬂ.i.“l ]ltillil. il.[ld maﬂ"R.
(&) Find the temperatere and pressure at ihe cntranes,

{b) Find the total temperature, total presaure, static
temporabure, and stalic pressare at a point where M =

1.75.
(n} Find the distance between the points where M =2
and M — 175,

(&) From the lsentropic flow table for M = 2,

T: — (4558} 1080) = 60O°R
1 = (.1278}{78.25) = 10 psia

(b] Altheugh it isn't known if the duet is [ong enough
for chaked Now [J\rf = l) to exist, that point still ean
be used s A reference point. The following values are
read (rom a Fanno How table. {Figure 8.10 can be used
alsn.)

M =20 M =L7T5
;?. 40825 49295
s 1.6875 1.3865
PT -

1—'5— 86T 74419

yr 30499 32504

Triy — Tre == 1080°R since Lhe low is adiabalic,
w(TNT'Y REL AT
o 2)(5) = oo 222) < e
w2 0205 : :
=af B = = 131
Pz m(p')(pl] tw)(,doszs} paiL

q 1.3885
prs— o (%)(f;—l) = 25108

= $4.3 psia

(¢) At M = 2, the distancc lo reach M = 11is

 {30409)(2)

b ="tao05)

= 30.5 laches

At M = 1,73, the distance Lo reach M =1 is

(22504)(2)

2 = a00)

= 22.5 inchen

The distance betwesn points 1 and 2 s
L=UL;—Ly=305—225 - B inches

10 ISOTHERMAL FLOW WITH FRICTION

As the Mach number approaches unity, an infinite heat-
trunsfer rate & required to kecp the flow jeothermal.
That is why the gas Row is closer to adiabatic than te
isolhermal, A uotable exceplion is encountered with
long-dislance pipelines where the earlh supplies the
needed heat bo keep the low sothermal.?

For any given pressure drop, the mass flow rate is given
by the Weymouth vguation.

(pt — »8) D¥acln/4)"

1 2RT 843

The Fapming [riction factor, f, in the Weymouth equa-
tion i3 sssumed to be given by equation B.44.

00349
F= Dy 844

Frample 8.14

A 40 inch (inside diameter) pipe is placed into service
eurrying natural gas between pumping stations 75 miles
apart. The gns leaves the pumping stations at §50 peia,
but the pressure drops to 450 psis by the time it reaches
the next station. The gas temperature remains constant
at 40°F. Assume the gas is methane (MW =18).

“The low veloclties (less than 20 ft./sec) trpical of nalural gas

pipelinez herdly scem epproprinte in this chapler. However, the
gas cxperlences s density change along the length of pipe.

PROFESSIONAL ENGINEERING AEGISTRATION PROGRAM + PO, Box 911, Sar Carlos, CA 94070
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Verification Case 10 Problem Statement

COMPRESSIBLE FLUID DYNAMICS 813

Use the Bernonlli equation and the discharge conditions
to caleulate the flow rate. Compare the Bernoulli flow
rate with lhe fNow rute predicted by the Weymouth
equation.
The pipe diameter and area are
-{El
D= =343
A= (.t..i.s.s)’ =873 8

The pressures in pall are
py = (BA0)(144) = 9.36 ER4 pal
pz = (150){144) = 6.48 EE4 paf
p 9.36 EE4
P 7 RT T (1545/18) (k0 + 460)
= 1.938 1bm fft7

{a) The entire pressure drop is due to friction. Neglect-
ing the Jow kinetic energy and the changes to potential
ensrgy, the Bernoulli equation based on the pump dis-
charge conditiona is

9.36 KE4 _ 648 FE4 hy
1.938 1.538
hy = 14,861 f
Assume foarey = 0.015. Then,
_ I
17 ubg

_ (0.016)(75)(5280)v%

14,881 = o (3.588) (32.2)

v =23.17 ft/sec
The mass thaw rate is

v = pud = (1.938)[23.17)(8.78) = 302 Ibm fsec

(&) The Fanning [riction factor from equation 8.4 is

00340
{a.33a) 4

From equation B.43,

= = 00234

({1836 ma — (618 BUAYYz.3uE22)(7)" '
" =\ ) 0.00234)(75) (5280) (1545,/16) {460 -+ 40)

= 456 1bm/sec

11 FRICTIONLESS FLOW WITH HEATING

If hest is added to a fluid Nowing without friction
through a constant-area duct, the flow Is said to be
a Rupleigh flow.” The heat comea from chemical reac.
tions, phase changes, clectrical heating, or external
sources. (Friclioual heating is nol Rayleigh flow.) The

TThis is known sa dishatic flaw flow with healing.

usual conservalion of energy, mass, and momentum
equations hold. The following ratios of static to eritleal
values can be caleulated and plotted. (See figure 8.11.)

= ¢(Tre = Tr1) 8.45
T 1+& Vg
o (m) M o
Tr  2(k+ M1+ H{k— 1) M7} G
Il {1+EM7) )
P 14k *
pr L+ kM? e
o (2 Y1k Y,
e Wkl 1+ kM2
[+ d(k— 1) M]F 8.49
400
P
C 7
2.00 — Vi
™ Iy
[ B \\. D«r/,
1.00 T e = T
= ! - T
0.80 oy = 5%( ?T:
0.80 A T
0.40 AN

0.20 }y
0.10 %—:—// |

'a:l-y"

. s

.08 1},
0.08 i i1
0.0d 1 Lad —!'

X i I T

v
0.02 /'{:
oor Y/
0.04 LA 0.2 04 06GE1 2 3

Mach numbar, M

Figure §.11 Rayleigh Flow Parameters

For Rayleigh Oow, the Mach number approaches unlt.y
for bolk subsonie and supersonic llow. From the Tt
curve, it v apparenl thal the inaximum temperature
ocours at A == k. Also, the total pressure always
decreases, even while the heat is being added. The
Rayleigh tine is plotted in fignra 3,12,

PROFESSIONAL ENGINEERING REGISTRATION FROGRAMF.0. Box 911, San Carlos, CA 34070
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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
M5 — Mach number at exit 0.685 0.686
M/ — Mach number at inlet 0.347 0.346
P— Static pressure at inlet (kPa) 306 308
T - 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, Qo, is 1000 m3/min, P5>=150kPa, To =293 K. From
the ideal gas law, density, and mass flow rate are:

P, 150 kPa .
5= T = 3, = 1.784 kg/m
2 PN - LT,
(0.2868 - H) {2931k )

kg m?3 kg
th = p,V,A = p,Qp = (1.?84 —3) 1000 — | = 29.73 =
m min s

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

Sec. 54 Equations Refating Flow Variables 213
1 2 .
I ] I
Flow :M, :M; _: el
—=t S
1
La | Loy, [
£, S
( 4?1') ( 4?1*)
o, i D, ',

o

Figure 5.5 Duct length necessary for choking.

Therefore the distance between sections 1 and 2 is:

Liz= %(ﬂ.ﬂl'ﬁ = 9.13603)

i x 1072

The maximum length is therefore:

_ 5 X072

Lt = 4 x 0.002

x 0.43197 = 2.70 m

Example 5.2

It is required to deliver 1000 m?/min of air at 293 K and 150 kPa at the exit of a
constant-area duct. The inside diameter of the duct is 0.3 m and its length is 50 m.
If the flow is adiabatic and the average friction factor is f = 0,005, determine:

{a) The Mach number at the exit of the duct,
{b) The inlet pressure of the air.

{c} The inlet tempm'athre of the air.

{d)} The total change of entropy.
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Verification Case 11 Problem Statement

214 Acliabatic Frictional Flow in a Constant-Area Duct Chap. 5

Solution
(a) Referring to Fig. 5.6:

1000
V; = % = ?L = 235.79 m/s
2032
3 [(0.3)°]
oo Ve BT
T 00VT, 201V
1 2
' i 1000 m? fmi
-—PI et +Cl.:h'n --—-1—-- gggmk Lk
: ¥ : 150 kPa
e
Figure 5.6
(b) and (c} At M. = 0.685:
4713 _ P _ L _
——-—D = [.239, o = 1.529, T 1.097
Therefore:

Lt _ 4L 4Lt

D D D
X Q005 %30 5940 = 3573
0.3
At 4FLE!D = 3572
; T
Mi=0347, £ =312, =17
p T

The inlet pressure and temperature are:

A1
?* 3.12
B <% L L L = 306
" 7 P2 = T35 x 150 = 306 kPa
r
I
r 1.171
T = En = 1097 * 2B =32T6K
T*
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Verification Case 11 Problem Statement

Sec. 5.4 Equations Relating Flow Variables 215
{d) The change in entropy is:

As

cplnﬁ- RZ

T o3|
293 150
= Iﬂmlnm — 287 In 206
= —63.26 + 204.65 = 13935 Ikeg K
but
= paAV, = (I;%)zﬂﬁ
1.5 x 10¢ T .
= (m) [I (0.3) :I (235.79) = 29.74 kg's
Therefore:

AS = (139.39)(29.74) = 414577 VK s

In the above examples the friction factor was assumed constant. But for a
duct of a certain relative roughness the value of § is a function of Reynolds number
Re as depicted by the Moody diagram. In a constant-area duct, Re in turn depends
en the velocity, density, and viscosity, which change as the fluid flows in the
duct. But from continuity the product pV is constant, so that the anly variable in
Re is the viscosity and, uniess viscosity changes drastically, the variations in f
are small. An additional factor to be considered is that most engineering appli-
cations involve turbulent flow, where f depends on the relative roughness of the
duct but is essentially insensitive 10 the magnitude of Re. The following example
illustrates these effects.

Example 5.3

Methane {y = 1.3, R = 0.5184 kl/kg K) flows adiubatically in a 0.3 m commercial
steel pipe. At the inlet the pressure p, = 0.% MPa, the temperature T, = 320 K
(viscosily = 0011 x 107° kg/m-s), and the velocity ¥, = 30 m/s. Find:

(a) The maximum possible length of the pipe.
(b} The pressure and velocity at the exit of the pipe.

Solution

{a} The conditions at the exit are sonic (M = I);

SN o D 800 i 3
P =R T Gs18a020) ~ 523 ke/m
v, 30 30

o VILIGIB 400, | 464386 | 0648
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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
M/ — Mach number at inlet 0.603 0.603
P— Static pressure at inlet (MPa) 2.106 2.114
T— 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

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

Saad Title Page

226 Adiabatic Frictional Flow in a Constant-Area Duct  Chap. 5
Therefore:
2]
Pz = E— = 101.3 (0 :[:;825) = 357.2 kPa
P
Example 5.5

Air at a stagnation temperature of 460 K and a stagnation pressure of 2.7 MPa flows
isentropically through a convergent nozzle which feeds an insulated constant-area
duct. The duct is 0.025 m in diameter and 0.6 m long. If the average friction factor
in the duct, f is 0.005, determine the maximum air flow rate and compare it with
the flow through the nozzle in the absence of the duct. What is the maximum back
pressure for choking te occur in both cases?

Solution For maximum flow rate, the Mach aumber at the duct exit is unity. Re-
ferring to Fig. 5.14:

. 6.0
ALY 4 % 0.005 x 66" 0.48
D 0.025 =
1
= 2.7 MP
gﬁn:aoxl"‘:—"' I U.Oi‘ﬁm —_—l
i
Vg
08m—— ]

Figure 5.14

At this value M, = {,603;

Y
P
7
i 0.93 from which T, = 4278 K

w

= 0.78 from which p, = 2.106 MPa

The mass rate of flow is:

m = p|A1V, = (R;. )A M1£“|

2.106 x : -
(237 L s) [ X (0.025) ] (0.603)(20.1VAZT8) = 2.11 ke/s
At My = 0.603;
Pi_ s
fo
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Sec. 5.6 Adiabatic Flow with Friction in a Variable-Area Duct 227

s0 that:

2.106
i P B P
] T35 1.203 MPa

The system is therefore choked if the back pressure is equal or lower than 1.203
MPa.
For the convergent nozzle alone, the Mach number is unity at the nozzle exit,
so that:
p* = 0.528p, = 1.4256 MPa
and
T* = (0.833T, = 38318 K

The maximum mass rate of flow, according to Eq. (3.25), is

: Po T ] 2.7 x 10¢
o= 0.04044 = 0.0404 | = x (0.025) ] —
VT, [4 ( A 460

The nozzle is choked if the back pressure is equal or lower than 1.4256 MPa.

= 2.5 kg/s

5.6 ADIABATIC FLOW WITH FRICTION IN A VARIABLE-AREA
DucT

In many applications, frictional effects are accompanicd by changes in area, and
this section is concerned with the resultant changes in flow properties when both
of these effects occur simultaneously. Consider flow through the control volume
shown in Fig. 5.15. The continuity equation is:

dp dA  dV
4 — 4 — =
P A v 0 (5.39
F’ﬂ,ﬁﬂ‘q
a |
1
I
_._:m—p— J-IL—-
'w.___‘:_: ':
|
x x +dx
A A+dA
B b +dp
v v +aV¥ Figure 5.15 Frictional flow in a

variable-arca duct.
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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
P»— Static back pressure at exit (kPa) 263.16 262.0

M5 — Mach number at exit 0.38 0.38

L{_» — length to reach 500 kPa (m) 544.79 558.6

Lt — length to reach sonic choke point (m) 710.0 709.8

P~ 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 numberis 0.1, Py =1 MPa, T4 =293 K. From the ideal gas law,
density, sonic speed and mass flow rate are:

P, 1 MPa .
Py = T K = 6.585 kg/m
1 P L
(0.5179 e H) (293 K)
kJ m . .
a, =/yRT, = \jl.é} ({}.5179 kg—K) 293K = 445.9; (sonic velocity)

k my /1 k
= p,V,A = p,(Mya,)A = (6.585 m—ﬂ) (0.1) (4459 ;) (Z 0.08% m*) = 1.4764 ?g
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Verification Case 13

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

270 Flow with Heat Interaction and Generalized Flow  Chap. 6

Example 6.5

Natural gas {v = 1.31) flows isothermally at 293 K through a pipeline of diameter
0.08 m. At the inlet the pressure is 1.0 MPa and the Mach number is 0.1. The length
of the pipeline is 684 m and the average friction factor is 0.002. Calculate:

(a) The pressure and Mach number at the exit.

(b} The distance from the inlet where the pressure has dropped to 500 kPa.
{¢) The maximum length of the duct for which isothermal flow is possible.
(d) The Mach number and pressure for part (c).

Solution
{a) Relerring to Fig. 6.18, Eq. (6.72) gives:

. .
4fLia _ 4 % 0.002 x 684 M: S (y_z)
Du 0.08 13l x 012 0.1

from which M, = 0.38.

M
Pr =P Ej = 263.16 kPa
2
T, =293 K
M, =01 —_—— Ty =283 K
£y = 1.0MPa
— L, = 684 m—i|

Figure 6.18

(b Using Eq. (6.73);

0.08 L — (.58 ]
& o = 544.79
L2 = 500002 [1.31 X@Ip  map=sim
0.08 1 = 131 x (0.1) 2]
= - 3 =7
®Lr= gy o,un:[ R o mH X 0L =

{d) The Mach number and pressure are:
= ’_ = 0.874
V131

= p VM, = 10° x VIT % 0.1 = 114.46 kPa

Sl-

M}

LT

P
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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

FLUID DYNAMICS 6-25

difficult to interpolate precisely. While they are quite useful For rough | anda Rewnelils number of 3.6 1 10° Over the: sntire pipe length the Beymolds

estimates, precise caleulations are best done using the equations lor
one-dimensional adiabatic flow with friction, which are suitable for
eamputer programming, Let subseripts 1 and 2 denote two points
#ong a pipe of diameter D, print 2 being downstreamn of point 1.
From a given point in the pipe, where the Mach number is M, the
litional length of pipe required to aceclerate the flow to sonic
velocity (M = 1} is denoted L,,., and may be compated from

“Tl_aj*
Al 1-M' k1 :
—— ] - 5-123
D SR Tm M| L Edp) G
2

With L = length of pipe between points 1 and 2, the change in Mach
mmber rna)'%.\e computed from 2

. (4] (5]

o D n

Eqe. (6-116) andl (6-113), which are valid for adialatic fow with
friction, may be nsed to determine the temperature and speed of
mndat.rninls 1 and 2. Sinee the mass Mux G = p
aned p= M AT, the pressure at puint 2 {or 11 can be found from G
and the pressure at point 1 {or 2).

The additional frictional losses due to pipeline littings such as
elbews may be added to the velocity head loss N = 4f1/Dy, using the
wmme velocity head loss values as for incompressible flow. This works
well for fittings which do not significantly reduice the chanmel eross-
sectional area, but may case lange errors when the flow aren is greatly
redduiced, us, for cxample, bv restricting orifices. Compressible flow
wross restricting orifices is discussed in See. 10 of this Handbook
Similarly, elbows near the exit of a pipeline may choke the low even
llm@ the Mach nuinber is less than unity due to the nonuniform
welaeity profile in the elbow. For an abrupt contraction rather than
rouneded nozzle inlet. an additional 015 velocity head should be added
o N, This & a reasonable approsimation for G, but note that it allo-
entes the additional losses to the pil)e“rl.t‘, EVET il:mlgh they are actu-
ally incwrred in the entrance. It is an error to include one velocity head
et loss in N. The kinetic energy at the exit is already accounted for in
the integration of the balance equations,

(-124)

Ezample §: Compresnible Flow with Friction Losses  Caleulate
the rate of air to the atmosplere from a resorvoir at W Fo gouge awl

T through 10/ m of straight 2-in Schedule 40 steel pipe (nside dameter =
00625 m). and 3 stanadard radivs, Ranged 90° elbows. Assue 0.5 velocity hesds
et ot thee elbows,

For commercial steel pipe, with a moughseds of 0.046 man, Hae fiction fuctor
for Filly roagh flowe is about 0.0047, from Ex. (6-35) o Fig, 60 Tt renmins to e
werilled that the Reyuolds i is sufficiently lige to asswme Tully rough
fle: Assuming an abirupt entrance witls 0.5 velocity leads lost.

Nl-le!.ODd?xﬂ 0 +05+3x05=56

0525

'.Ihpnure ralio pasps i
1.01 = 10°
(1 10F 4 100 % 107

Prom Fig, 621 3t N = 5.6, py/iay = 0.002 wncl k = 1.4 For wir, Hue: M s st b
Be ehekel. At the chede point with ¥ = 5.6 the criticel pressure matio py/p, is
whout 0125 and GAG* Is about 0,49, Equation (6-122) gives

YT —
ﬂ‘-!.lbl:lu‘xm i "( 14%29
Id+1

-—-—_) =2,600 kpin® - 5
! 8314 = 203.15 3

mz ‘3‘35;53,4? :t;lgs Igf - 1250 kyfei’ - 5. The shischargr rate is o =

Befure accepting this solution, the Reynolds number should be checked. At
e phe i, the temperature is given by Frp. (6-120) since the flow is choked.
Then, Ty = T° = 244 6 K. The viscosity of air at this temperatine is abont 16 =
WP Then i

0,052

Vp DG 000525 = 1,250

Rom —F g =2 g e e
M W Lex 10

Mhe beinniny of thes pipe, the temperature is greaten. giving mroater visensity

=41 10"

]

md"'"ih.r i very lwrge aud the Bally vongh Do Traction Tacter dwice was indeed
walid.

Omee the mass Mok € has been determined, Fig 6-210 or 6-218 can
be used to determine the pressure at any point uitam{, tho pipe, simply
by reducing 4100, und computing py from the Tigures, given G,
instead of the veverse, Chuarts ét:r caleulation between two podits in
pipe with known flow and known pressure at either upstream or
downstream locations have been presented by Loeh [C]Jmn. Eng.,
TS], 179-1584 [1969)) and for known downstream conditions ﬁ
Powley (Can. f. Chem. Eng,., 36, 241-245 [1958]).

Convergent/Divergent Nozzles (De Laval Nozzles) During
frictionless adiobatic one-dimensional flow with changing cross-
sectional area A the Fn|hwring relations are obeyed:

At yn oM oy @V 505
A M p v

Erquation (6-125) implies that in converging channels, subsonic flows
are accelerated and the pressure and density decrease. In diverging
channels, subsonic Nows are decelerated as the pressure and derisi'r:.'
increase. In subsonic flow, the converging channels act as nozzles and
di\.-r'l_ging channels as dilfusers, In SUPETSHIIC flows, the apposite is
true. Diverging channels act as nozzles acoelerating the Qow, while
converging channels act as diffusers decelerating the flow.

Figure 6-23 shows a converging/diverging nozzle, When pa/pa is
less than the eritical pressure rutio f{)“a‘;in]. the Mow will be subsonic in
thee eonverging portion of the noezle, sonic at the thio il super-
somie: in the diverging portion. At the throat, where the low is critical
andl the velocity is sonie, the arca is denoted A®. The cross-sectional
ares andl pressiee van with Mueh number along the converging
diverging llow path according to the Fallowing equations lor isentropic
Mevw of u perfuct gas:

A i ~ Gl + 11k
=—1il:l +*—1M“J:r (6-126)

A MLk+1 2

- Aok 1
Bf1s -’5-5--‘- w) (6-127)
The temperature shevs the adiabatic few couation for o perfect gas,
£ Tt 7 (6-128)
T 2

Equation {6-128) does not require frictionless (isentropic) flow. The
sonic mass Mux through the throat is given by Eq, (6-122), With A set
equal to the nozrle exit area, the exit Mach number, pressure, and
temperatire may be caleulated. Only if the exit pressure equals the
ambient discharge pressure is the ultimate expansion velocity reached
in the nozzle, Expansion will be incomplete if the exit pressure
exveds the ambient discharge pressure; shacks will aoour outside the
nozzhe. 1 the o lated exit pressure is less than the ambient dis-
charge pressure, the nozzle is overexpanded and eompression shocks
within the expanding portion will result,

The shape of the converging section is a smooth trampet shape sim-
ilar to the simple converging nozzle, However, special shapes of the
diverging section are required to produce the maximum supersonic
exit velovity. Shocks result if the divurgl:llt'r. is too rapid and excessive
boumdary ﬁnyer friction aceurs iF the divergence is too shallow. See
Liepmann and Roshko (Elements of Gas Dynamics, Wiley, New York,
IEDSEI. p- 284). If the nozzle is to be used as a thrust device, the diverg-

Py

FIG. 623  Comergng/iverging nowle
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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
My~ Mach number at exit 0.14 0.14
Py~ Pressure at exit (psia) 9.63 9.84
TH— 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, P4 = 15 psia, T4 =530 R. From the ideal gas law,
density, and mass flow rate are:

B 15 psia

P1 = = "
RT, ™ (53,30 10T

= 0.0764 Ibm/ft3
Ibm - R) (530 R)

) [bm fty m .y Ibm
= p,V,A = p,(M;a;)A = (0.0764 F) (1{}0 ?) (1 2.0672 in”) = 0.17814 ==

With this flow rate at the exit, the predictions agree very closely.
List of All Verification Models
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Verification Case 15

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

Janna Title Page

8.5 / Compressible Flow with Friction 317

lent flow, which is usually the case in compressible [low, the change in f is
considerably smaller. It is therefore reasonable to assume that friction fac-
tor fis a constant when integrating Equation 8.35 and that f is equal to some
average or the initial value in the pipe.

We are now ready to integrate Equation 8.35; it is convenient to choose
as our limits the following:

0=dx=<1L__
M=M=1

Thus the flow at zero has a Mach number of M and is accelerated to M =
1, where x = L., at the end of the pipe. The point where Mach numher is
unity is selected as a reference. Integrating Equation 8.35 gives

1

ﬂgw _ j 2(1 — MI(dM/M) (8.36)
Y] (1 -+ %1 M?)"."Mn

Using this equation, values of fL_, /D versus M for v = 1.4 have been
tebulated in Appendix Table D-3.

A similar analysis can he developed ta obtain an expression belween
pressure and Mach number. [Jsing Equation 8.31 and substituting from
continuity for dV/V in terms of M yields the following after simplification:

dp_ _dMI1+[y— 1M
P M y=1,0 (6:7)
1+ 12 M

Integrating between p and p* corresonding to limits M and 1 gives a rela-
tionship for p/p* versus M, which is tabulated also in Appendix Table D-3
for v = 1.4. Again M = 1 is a reference poinl and the corresponding pres-
sure is denoted with an asterisk. Similarly from Equation 8.34 we can de-
tive an expression for T/T* versus M. Finally, combining Equations 8.33
and 8.34 yields an integrable expression for V/V* versus M. These too are
tabulated in Appendix Table D-3 for = 1.4. With the eguations thus
described and tabulated, compressible flow with friction (referred to as
Fanno flow] can he adequately modeled,

examprLE 8.8

An airflow enters a constant-area pipe at 100 ft/s, 15 psia, and 530°R. The
pipe is 500 ft long and made of 2-nominal schedule 40 PVC. Determine
conditions at the pipe exit.
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Verification Case 15 Problem Statement

318 Chapler B - Compressible Flow

SOLUTION

From the appendix tables:
u = 0.3801 X 1077 |bf-s/ft* {Table A-3 for air]
D =01723ft A = 0.02330 {t° {Table C-1 for pipe)

Also for air,

=P _ 15044 _ 44765 [bm/fH
P=RT ™~ s3a(330) it

The sonic velocity at inlet is
a, = YyRT,g = V1.4[53.3](530)(322) = 1128 ft/s
Therefore
V. _ 100

M, ==

— =009
& 1128

From Appendix Table D-3 at M, = 0.08, we get

T1 p'l f[‘mu
— = 1.1981 — = 12.162 = = 834%
Ti’ * D 4
where L, is the duct length required for the flow to achieve M = 1, at
which the pressure is p* and the temperature is T*.
The Reynolds number at inlet is

_#V,D _ 0.0765(100)(0.1723)

= = 1.08 X 10°
xg. 03801 X 1075[32.2)

Re,

For PVC pipe, assume the surface is very smooth. At Re, = 1.08 X ¥, the
Moody diagram of Chapter 5 gives

f = 0.0175
and for the actual pipe in this example we have

% _ 0.0175(500) _ o0

ac 0.1723

To find the properties at the pipe exit, we combine fL/D terms using the
M = 1 point as a reference. As illustrated in Figure 8.18,

flow| _fL fLmax
D - D * D .
Thus
fLm‘ = §3.496 — 50.78 = 32.71
D |2
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8.7 / Problems: Chapter 8 319

1 2 .
v, —-{l V, —- M= 1—}-——
fL Pl |
[ b LM . D g
o
Figure 08.18. Sketch for Example 8.8.
From Appendix Table D-3,
T
M, =016 o =11953 % = 7.8093

With these ratios, we find

o = Prpt . _ 7.8098
Fooprp Tt 12162

{15 psia} == 9.63 psia

LT . = 11958

) kil L L
2 11981

§30°R} — 528.8°R
™ T, [ J —

As seen from these calculations, temperature did not change significantly.
We were justified in assuming a constant value of friction factor, evaluated
in this case at the pipe inlet.

86/summary

In this chapter we have examined some concepts associated with com-
pressible flow. We determined an expression for sonic velocity in a com-
pressible medium and also developed equations for isentropic flow, We
examined in detail the behavior of a compressible fluid as it goes through a
nozzle. We derived equations for normal shock waves and, moreover, we
have scen the effect of friction on compressible flow through a constant-
area duct,

8.7 /PROBLEMS: CHAPTER 8

1. Delermine the sonic velocity in air at a temperature of 0°F.

2, Celenlate the sonic velocity i amgoun at a lemperature of 25°C,

3. Galculate the sonic velocity in carbon dioxide at a temperature of 100°C.
4, Determine the sonic velocity in helium at a temperature of 50°C.

5. Caleulate the sonje velocity in hydragen at a temperature of 75°F.

8. Determine the sonic velocity in oxygen at a temperature of 32°F.
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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

M- Mach number at valve | 0.317 0.317

P{— 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

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

B.394 GENEFRIC DESIGN CONSIDERATIONS

the boiler rehenter should be 7 to 9 percent of high pressure turbine

pressure. 1 is desitable 1o use a smaller diameter hot reheat line find Exhayg

dismeter cold reheat line, taking a greater pressure drop in the more exa Arger

allov, hot reheat line. Denswe‘
E straction steam piping also affects heat rate and output, and norally this p:

should be sized so that the pressure drop does not exceed about 5 percent of Pipin

Mk of ty i
stape pressure for the low pressure and 3 o 4 percent for the higher Prc-;gu::;-hm"'
) ings,

Exiraction steam lines should be designed for the pressure shown on fyy
heat balanee disgram at 5 percent overpressure and valves wide open ('\"W(I)]nad
Continuously operating steam lines in process projects shall be designeg on
basis of reasonable total pressure drop and, except for short leads such as 1o turb'lht
and pumps, shall not generally exceed the conditions noted in Table BS 13, e

Applications: Air and Other Gas Systems

As indicated in the last section, “Applications: Steam Systems,” in a case of com.
pressible fluids such as air or steam when density changes are small, the figjg
may be considered as incompressible. Therefore, all design rules described in the
subsections *“Characteristics of Incompressible Flow,” *Applications: Water Sys-
tems,” and “*Applications: Steam Systems” are applicable to this section. For steam
and gas systems, where the fluid density is small, static head is negligible and may
be omitted in pressure drop calculations.

Table B8.14 (from Ref. 7) presents pressure drop for some typical values of air
flow rates through piping from % to 12 in diameter.

Applications: Sample Problems B8.2-B8.7

The most frequent application of single-phase compressible flow steam line analysis
normally encountered by engineers is the sizing of safety valve vent lines. This
analysis can be done either by using a computer program which is based on proce-
dures discussed, or a hand calculation similar to that presented in this section. Users
may compare their results with those obtained from an approximate, semi-empirical
procedure based on tables in App. 11 of Ref. 12. It is the responsibility of the
designer to make sure that the method used yields conservative results.

The primary consideration in these analyses is to ensure that the vent line wil
pass the required flow without exceeding recommended backpressure limitations
on valves with solidly connected vents or without blowing back in the case of open
vent stacks.

h (3‘2,659
(Schedule
ondi-

Problem B8.2. During abnormal operation of a system, 72,000 b,
kg/h) of air must be released from a high-pressure air tank through a 4-n { .
40)) commercial steel bypass line (vent line) into the atmosphere. Stagnation (kept
tions in the vessel during this operation are: p, = 600 psig (41.4) bar ga“[%cof is
at a constant level by compressors), tr = 120°F (48.9°C). _Equwalcnt lcﬂgd - harge
vent line is 90 ft (27.43 m). Calculate the pressure p, that exists at the vglvc e
and make your comments on the vent line size. Air may be treate basck eSS
gas. Assume that this is not a typical safety valve and that the valve' lie \?enl ine
should not exceed 50 percent of the valve set pressure. (The safety VG el Code:
design criteria are well documented in the ASME Boiler and Pressure
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FLOW OF FLUTDS B.397

F I ( 29?0. 4f3t m)
" >
gl o

RE BSI8  Reference for sample problem BS. 2.

FiGL

i = 72,000 Ih/hr = 20 1by, /sec
T, = 1200'F = (460 + 120) = 580°R
po = 600 psig = 614.7 psia (assumed atmospheric pressure of 14.7 psia)

Internal pipe diameter D = 4.026 in (A = 0.0884 ft*).
Critical pressure at the pipe discharge (see Fig. B8.18) is found by using Eq.

(B8.25):
. i [ 2RT 5
=2 /=0 byt
Pr= 3\ ek + 1) o/

20 (2) (53.3) (580)
T 0.0884 | (32.174) (1.4) (2.4)

= 5410.35 Iby/ft® = 37.57 psia

The line is choked because p* = puw = 14.7 psia. Pipe f{L/D)}, from choked
exit to the valve discharge, is calculated by assuming complete turbulence of flow.
From Ref. 7, for a commercial steel pipe:

& (0.00015) (12.0) — 0.00045

D~ 4.026
and the friction factor f = fr = 0.017. Then the value of (f L)/D, counting from
the choked pipe exit to the valve outlet is:

L (90) (12)
2 —0.017= = 4.5604
I =00 56

Using a computerized method (for example the Newton-Raphson method) of
solving Eq. (B8.28) (notice that for Ma = 1 at the pipe discharge, the second term
°n the right hand side of Eq.(B&.28) is zero), with k = 1.4, having on the left side
of this equation the above calculated (f L)/D = 4.5604 and changing the Mach
:Umb_en the value of Mach number for air entering the pipe, which satisfies the

Guation, is found to be:

Ma = 0.317
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B.398 GENERIC DESIGN CONSIDERATIONS

. g ey 1
Substitutimg this Ma value into B (138.26) results in

PP 34193
L

and finally

) ,.'( ;'_) _ (37.57)(3.4193) = 128.46 psia (8.86 bar)
1 .
P

Fanno line tables for kK = 1.4 ‘T"h_h" HS‘II), may be. used il'istuad_H but thy,
socedure would Teguire cumbersome 1|1l}:r[_1(11nl|nns. Alm, nntelthat in Ref, |
l'ﬂlut:‘,mw of Table B8.12) the Fanning friction factor is used, which is foyr
;L.“ than that of D Arcy-Weishach. This is the reason why Table B8.12 uses 4
1y value i the last column.

times
floud

Problem B8.3.  Twice as much flow rate must be released from the tank describeg
in Problem B8.2. Check if the piping 18 adequate.

pt =315 = 75.14 psia
Then,

p= (75.14)(3.4193) = 256.93 psia (17.72 bar)
The piping is still adequate because the calculated p, < 0.5 py.

Problem B8.4. Keep the mass flow as in Problem B8.2, but double the length of
the pipe. Check the pressure py:

fL/D = (2)(4.5604) = 9.1208
at this f L/D,
(p1/p*) = 4.4854
Ma = 0.243
and
p1 = (37.57)(4.4854) = 168.52 psia (11.62 bar)
which means that the line size is sufficient.

b iem B
Problem B8.5. For the same mass flow and the samc pipe as in Proble
assume that the air temperature in the vessel ¢, = SOO°F (260 C).

. 20 [(2)(53.3)(a60 + 500)
P = 0088\ TG a2
= 6960.97 Iby/fi> = 48.34 psia
i = (3.4193)(48.34) = 165.29 psia (11.40 ban)

The line size is sufficient.
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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

M- Mach number at valve | 0.317 0.317

P{— 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

B.398 GiEnERreC Dl SN CONSIDERATIONS

. ) = :
Substituting this Ma value into 1. (BR.26) results in

PP 34193
poor

and finally

) ) P-) _(A7.5T)3.4193) = 128.46 psia (8.86 bar)
m I Py

Fanno line tables for k = 1.4 (Table B8.12) may be used instead,
socedure would require cumbersome interpolations. Also, note that in
l.:]lf‘:,lm.u of Table B&.12) the Fanning friction factor is used, which s fq
;u\: 1I1l'm that of 1" Arcy-Weisbach. This is the reason why Table B8.12 use.
Dy varlue in the last column.

but g
Ref. 1

Ur time
s 4 f_fw.

Problem B8.3. Twice as much flow rate must be released from the tank describeq
in Problem B&.2. Check if the piping 1s adequate.
pt= (2)(37.57) = 75.14 psia
Then,
po=(75.14)(3.4193) = 256.93 psia (17.72 bar)
The piping is still adequate because the calculated p, < 0.5 p,.

Problem B8.4. Keep the mass flow as in Problem B8.2, but double the length of
the pipe. Check the pressure py

fL/D = (2)(4.5604) = 9.1208
at this f L/D,
(p1/p™) = 44854
Ma = 0.243
and
p1 = (37.57)(4.4854) = 168.52 psia (11.62 bar)
which means that the line size is sufficient.

. problem B8
Problem B8.5. For the same mass flow and the same pipe as in Proble
assume that the air temperature in the vessel ¢ = SO0°F (260 C).

.20 [(2)(53.3)(460 + 500)
P = 00882\ TGITHU 24
= 6960.97 Ibg/fi> = 48.34 psia

pr = (3.4193)(48.34) = 165.29 psia (11.40 bar)

The line size is sufficient.
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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

M- Mach number at valve | 0.243 0.243

P{— 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

B.398 GENERIC DI S0 CONSIDERATIONS

. pl g i
Substituting this Ma value into . (BR.20) results in

P 34193
por

and finally

) y* P-) _ (37.5703.4193) = 128.46 psia (.86 bar)
m ! iy

Fanno line tables for k = 1.4 RT“h_I‘: HS-IE)I may be used instead,
—— lure would require cumbersome unf:rpnlnlu}ns. Aisn, note that in
l.:]::l,u‘u. of Table B8.12) the l"zumingll'null(m factor is used, which is fq
;L‘\: 1|:-1;1 that of ' Arev-Weishach. This is the reason why Table B8.12 use
D) value in the last column.

but 1,
Ref. |

U times
s 4 f_fdm..

Problem B8.3. Twice as much flow rate must be released from the tank descrineg
in Problem BR.2. Check if the piping 1s adequate.
pt= (2)(37.57) = 75.14 psia
Then,
po=(75.14)(3.4193) = 256.93 psia (17.72 bar)
The piping is still adequate because the calculated p, < 0.5 p.

Problem B8.4. Keep the mass flow as in Problem B8.2, but double the length of
the pipe. Check the pressure py

fL/D = (2)(4.5604) = 9.1208
at this f L/D,
(p1/p*) = 4.4854
Ma = 0.243
and
p1 = (37.57)(4.4854) = 168.52 psia (11.62 bar)

which means that the line size is sufficient. .
e B3

Problem B8.5. For the same mass flow and the same pipe a3 in Probl
assume that the air temperature in the vessel ; = SO0°F (260 C).

.20 [(2)(53.3)(a60 + 500)
P = 00882\ TG21TH1 A (24)
= 6960.97 Iby/fi> = 48.34 psia
Py = (3.4193)(48.34) = 165.29 psia (11.40 ba0)

The line size is sufficient.
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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

P{— 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

B.398 GiEnERreC Dl SN CONSIDERATIONS

. ) = :
Substituting this Ma value into 1. (BR.26) results in

PP 34193
poor

and finally

) ) P-) _(A7.5T)3.4193) = 128.46 psia (8.86 bar)
m I Py

Fanno line tables for k = 1.4 (Table B8.12) may be used instead,
socedure would require cumbersome interpolations. Also, note that in
l.:]lf‘:,lm.u of Table B&.12) the Fanning friction factor is used, which s fq
;u\: 1I1l'm that of 1" Arcy-Weisbach. This is the reason why Table B8.12 use.
Dy varlue in the last column.

but g
Ref. 1

Ur time
s 4 f_fw.

Problem B8.3. Twice as much flow rate must be released from the tank describeq
in Problem B&.2. Check if the piping 1s adequate.
pt= (2)(37.57) = 75.14 psia
Then,
po=(75.14)(3.4193) = 256.93 psia (17.72 bar)
The piping is still adequate because the calculated p, < 0.5 p,.

Problem B8.4. Keep the mass flow as in Problem B8.2, but double the length of
the pipe. Check the pressure py

fL/D = (2)(4.5604) = 9.1208
at this f L/D,
(p1/p™) = 44854
Ma = 0.243
and
p1 = (37.57)(4.4854) = 168.52 psia (11.62 bar)
which means that the line size is sufficient.

. problem B8
Problem B8.5. For the same mass flow and the same pipe as in Proble
assume that the air temperature in the vessel ¢ = SO0°F (260 C).

.20 [(2)(53.3)(460 + 500)
P = 00882\ TGITHU 24
= 6960.97 Ibg/fi> = 48.34 psia

pr = (3.4193)(48.34) = 165.29 psia (11.40 bar)

The line size is sufficient.
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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

M- Mach number at valve | 0.235 0.235

P{— 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

-71 -



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

FLOW OF FLUIDS B.399

problem H.'i.ﬁ,_ For ||u~_ same .'”"M low and the same pipe as in Problem B8.2,
pse the pipe diameter of 2in (Schedule 40) and caleulate p,.

D= 2067 in (A = 0.0233 %)

C a7y ”'.{.JHE
0.0233

L
f— = ((J.(]I‘))M
D 2.067

P = 142.54 psia

=9.9274

(p/p™) = 4.644
Ma = 0,235
and

pr = (142.54)(4.644) = 661,96 psia (45.64 bar)

The calculated pressure p, is too high. Tt

1 is even higher than the pressure py
within the vessel. This line ¢

annot be used for releasing the required flow.

Problem B8.7, For the same flow and the sam

e pipe length as in Problem B8.2,
use the pipe diameter of 8 in (Schedule 40), an

d calculate p,.

D =7981in (A = 0.3474 f1?)

f=fr=0014
0.0884
*=375 =95 i
N 7 037z = 936 psia

_ Because p* < p_ the line is not choked. To calculate the pressure p, after the
valvg, the additional length, L.

. aus OF the pipe, required for choked conditions at the
EXIL, should he calculated first.
r\ﬁsuming

Pamb = Paum = 14.7 psia

Parm 147

= —— = 1.5376
p* 9.56

E
cxm}?“m Fanno line tables, for (p/p*) = 1.5376, the following is found for the
" Pipe outle

fLadde = 0.2467
Ma = 0.6814
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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

M- Mach number at valve | 0.4096 0.413

P{— 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

FLOW OF | 1
FLUIDS B.399

problem B8.6. For the same mass flow

: g and the same pipe as
use the pipe diameter of 2 in (Schedule 4¢ caleuty'Pe s in Problem BS.2,

) and caleulate p,.

D= 2067 in (A = 0.0233 %)

R l[)__{_JHE
(.0233

. (90)(12)
f— = (0019 =
D 2.067 29274

= 142.54 psia

(p/p™) = 4.644
Ma = 0.235
and
i = (142.54)(4.644) = 661.96 psia (45.64 bar)

~The calculated pressure p, is too high. It is even higher than the pressure Po
within the vessel. This line cannot be used for releasing the required flow.

Problem BS. 7. For the same flow and the same pipe length as in Problem BS§.2
use the pipe diameter of 8 in (Schedule 40), and calculate Fe >

D =7981in (A = 0.3474 f1?)

f=fr=0014
0.0884

* = 37.57 ——22 _ .56 psi

N 03474 — 26 psia

\'al\?eect?usc ﬁ*f = Pum. the line is not choked. To calculate the pressure p, after the
exit 'h 1€ additional length, L., of the pipe, required for choked conditions at the
- $hould be calculated first.

r\*suming
Pamb = Pam = 14.7 psia
; 14.7
":—t:n =956 = 1.5376
Lx'::?plrri“giﬂlﬂt tables, for (p/p*) = 1.5376, the following is found for the

FLags/ D = 0.2467
Ma = 0.6814
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Verification Case 21 Problem Statement

B.400 GENERIC DESIGN CONSIDERATIONS
Theretore,

( / ;f#“) (0.2467)(7.9%1)

e =,
/ (O.014)012) RSy

and the fictitious pipe length from the choked pipe exit to the valve oygly
Lo =904 1172 =101.72 ft
Ihe corresponding (f L./1),, value, starting from the choked exit to the valve, i

12
f,r__ _ (0.014)(101.72)(12) — 21412
D fict 7.981

For this (f L./D),.. the following is obtained from the Fanno line COMPputerizeq
calculation, similar to that explained in Problem B8.2 (or from Fanno ling tables
for k = 1.4):

(p/p*) = 2.6306
Ma = 0.4096

Therefore,

p1 = (9.56)(2.6306) = 25.15 psia (1.73 bar)

SINGLE-PHASE FLOW IN NOZZLES, VENTURI
TUBES, AND ORIFICES

Theoretical Background

Liquid Service. A nozzle or an orifice in a tank or reservoir may be installed in
the wall (Fig. B8.19) or in the bottom. h

In the case of a nozzle, the fluid emerges in the form of a cylindrical jet of the
same diameter as the throat of the nozzle, but in the case of a sharp-edged orificé,
the jet contracts after passing through it, attaining its smallest diameter (ve:':
contracta) and greatest velocity some distance (about one-half of a diameter) do‘:“ .
stream from the opening. When installed in the bottom, the distance 2 fm[mn i
opening in the bottom of the tank to the liquid free surface must include the : g .
of a nozzle or the distance of the vena contracta from the bottom of the ta 4 the
ratio of jet area A, at vena contracta to the area of an orifice A is ¢all¢
coefficient of contraction C,.

s
C;_- = Az f’ A (
For a nozzle C, = 1. point 100
Bernoulli's equation [(Eq. B8.12) without H, and H| applicq [mm]i ﬁ,llu“"“‘ﬂ
the free surface to the center of the vena contracta, point 2, yields |
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