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ABSTRACT

A closed form relation is presented for calculating the dia-
meter of a pipe line which ylelds the minimum 1ife-cycle cost for a wide
range of fluid parameters and operating conditions.

A central consideration in the derivation of the relation i3
that the optimum d{ameter should reflect the energy costs for overcoming
friction 1osses.

Diameters from the method presented here are compared with 2
relation developed by puPont Co. The mean absolute percent difference
between the two methods is Jags than 19%, with the method outlined here
yielding larger diameters than the DuPont relation. A 19% increase in
diameter represents a 58% decrease in the pumping power required to over-

come friction 1oss5e8.
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INTRODUCTION

As the cost of energy and materials continues to tncrease, more
attention is being devoted to optimization methods in a wide range of
engineering design problems. A problem amenable to optimization occurs
in the selection of a pipe diameter for a flowing fluid, where increasing
the pipe diameter decreases the friction losses, hence enerqy costs, but
increases the labor and capital costs. Although a number of constraints
such as erosion Timitations, allowable pressure drop, process control
and compressible flow may dictate the selection of the diameter in a
particular situation, there are many cases where the diameter can be
optimized for a given set of fluid Parameters, and costs,

This section presents a method for calculating the pipe dia-
meter which yields the minimum 1ife cycle cost of a pipe-Tine for a
given set of parametars. A central consideration in the development of
this method was that the optimum diameter should reflect the cost of
energy required for pumping the fluid, 1In addition, this method is
quite general, and encompasses a wide range of fluid parameters, and
operating conditions, since most of the methods for computing the opti-
mum diameter found in the 1iterature(]’2’3’4'5] were restricted to
either specific f?ow'regimes, narrow ranges of viscosities, operating
temperatures, pressures, pr piping materials, The significant parameters
for computing the optimum economic diameter are: mass Flow rate, fluid
viscosity, fluid density, operating pressure, operating temperature,
cost of electricity, cost of labor, return on Investment, project 11fe,

percent utilization, piping material costs, and pump and motor efficiency.
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gince the economics are based on 2 per unit length basis, the length of
the piping is not in the 1ist of parameters.

A closed form solution for the optimum economic diameter is
derived and has been correlated with a software program which computes
the optimum diameter as 2 function of the parameters above. {ptimum
pipe diameters for a range of parameters were compared with diameters

computed from a well-known relation developed by DuPont.




DEVELOPMENT OF THE METHOD FOR COMPUTING THE OPTIMuM DIAMETER

To find the optimum diameter, it is first necessary to deter-
mine how much capital investment in increased pipe cost is justified to
save a unit of power. Using the internal rate of return analysis (or
discounted cash flow method}, the sum of the present values of all cash
flows associated with a given project plus the salvage valye, is equal

to the initial capita] investment. This can be expressed as:

€= )y —D1 (1)

wherea:

(o]
"

capital investment, $/KuW

rate of return, fractionail

o,
"

=
I

= economic Tife, years

CF, * net cash flow for any year, n, $/Ku.

i
The factor ?~————;ﬁ transforms each cash flow to its value at time zZaro,
1T+

The net cash flow for year n is defined as the savings resulting from a
reduction in purchased electricity minus the operation and maintenance

Costs. This is expressed as:
CF. = CE. - 0. - M | (2)

where;

CFn = net cash flow for year pn, $/RW

s
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CErl = cost of electricity saved for year n, $ /KW
co, = operating costs for year T, $/KW
M, = maintenance costs for year n, $/¥XM
The cost of electricity saved for year n is:
CEn =CE x U X 8760
where:
CE = cost of electricity, $/KW-hr
U = period of gperation per year, fractional
We assume that the cash flows are uniform, so (1) can be written using .
the present worth factor, PW: 1
¢ = PN(CEn - ¢, - CMn) (3)
1t is assumed that the difference in operation.and maintenance ¢osts for
an incremental change in diameter are negligible, and there 15 nO salvage
value. Therefare, {3) becomes:
¢ = PN(CEn) (4)
This relation is §1lustrated in Figure 1.
Once the justified capital jnvestment s determined for any
given operating 1ife, return on investment, price of electricity, and
utilization factor, the optimum diameter is that diameter where the ratio

of the incremental pipe cost to the incremental power jost due %o friction.
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equals the amount of capital investment justified to save a unit of power,

Mathematically,
&PC GPC an
C2=— = —AD ¢ — 4D (5)
APe 3D 3D
where:
SPC
—C AD is the incremental pipe cest, AP, {$/Ft)
aD

3P
_£ AD 15 the incremental power Toss, &oPe (KW/Ft)
3D

¢ §s the capital investment justified to save & unit of power,

($/KW)

The above expressions are $17lustrated graphically in Figures
2 and 3. Figure 2 depicts pumping power and pipe cost as a function
of diameter. Note that the pumping power decreases inversely to the
fifth power of the diameter, whereas, the pipa cost increases linearly
with diameter. The ratio of incremental pipe cost 1o incremental pumping
power is the capital investment justified to save & unit of power. A
plot of the ratio of incremental pipe cost to incremental power consump-
tion versus diameter for a flow of 6,000 gallons per minute of water 13
shown in Figure 3. If $100.00 can be invested to save a kilowatt, it
can be seen that the optimum economic diameter is 14.5 inches, while if
¢ = 1000 $/K can be invested, the optimum diameter js 2} inches.

From the derivation given in Appendix A, the closed form

expression relating the significant variable to the optimum diameter is:

30<
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d
.
D/D, = av

where:

Y = 2.63 x 10713 CF/EC bo? (6)

and,
C is the capita] cost to save a unit of power, $/KW
f is the friction factor, dimensionless
W is the mass flow rate, Tbm/hy
Cp is the pipe cost coefficient, $/ft-inl
b relates allowable stress to temperature, dimensionless
P is the fluid density, 1bm/fe3
E is the combined pump  and motor efficiency, fractional

Dy is the unit diameter, one in.

The complete derivation of v is given in Appendix A,

To compute the constants 3y and 35, @ least squares linear
regression of y on D/DO was performed. The values of D/Bo were computed
by a software program with the inputs of:

1. mass flow rate
fluid viscosity
fluid density
operating pressure

cost of lahor

L)1 o -+ £ad A
. . . . .

capital investment to s&ve a unit of power
7. piping materia]

8. pump and motor efficiency.

33«
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The program begins at an jnitial diameter of .5 inches and increments
upwards in standard diameters, computing the incremental pipe cost and
power consumed in going from one diameter to the next. when the ratio
of incremental pipe cost to incremental power consumption is equal to
the inputted capital cost to save a unit of power, the optimum diameter
is found. A Tisting of the software program is given in Appendix C.

For the values of parameters in Table 1; 276 optimum diameters
were computed by the software program, and the Jeast squares linear

regression yielded the constants:

a'] = 2,4
2y = 179
giving the expression:
o/D, = 2.4y (7)

The correlation coefficient for the 275 diameters is r = ;84

v versus D/D, is presented in Figure 4.

A
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TABLE T

PARAMETER INPUTS FOR COMPUTER RUNS

RN 1 RUN 2
Carbon Steel Carbon Steel
o = .075 ibm/ft3 o = 62.5 Tbm/ft3
T = 300°F T = 300°F
P = 500 psi P = 500 psi
u= 02 cp uw=1.0c¢cp
W= 1000 1bm/hr W o= 10,000 Tbm/hr
10,000 Tbm/hy 15,000 Tbm/hr
15,000 1bm/hr 30,000 1bm/hr
30,000 1bm/hr 60,000 Tbm/hr
60,000 Tbm/hr 120,000 1bm/hr
C= 100 $/KW (.0025 $/Ki=hr)* 250,000 Tbm/hr
500 (.0126) 800,000 Tbm/hr
1000 (.0253) 750,000 1bm/hr
1500 (.0379) 1,000,000 Tbm/hr
2000 (.0505) 3,000,000 1bm/hr
CL = 13.00 $/MH 4,500,000 1bm/hr
E=.7 €= 100
500
1000
1500
2000
CL = 13.00
E=.7

* For the computer runs, € is related to $/Kd-hr by equation (4), with 12%
return on investment over a 10-year operating 1ife, and .8 ytiTization

factor, )
35«



Carbon Steel
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3
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62.5 1bm/ft>
300°F

500 psi

100 cp

same as
Run 2

same as
Run 2

i
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TABLE 1 (cont.}

RUN 4

Carbon Steel

p
T
P

62.5 Tom/ft>
300°F

500 psi

1000 cp

same as
Run 2

same as
Run 2

v

RUN 5

304L S.S.

5 = 62.5 Tbm/ft>

T = 300°F

P = 500 psi

w=T1cp

W = same as
Run 2

¢ = same as
Run 2

£E= .7

36~

RUN 6

Carbon Steel

)
T
P

1)

H

62.5 1bm/ft>
700°F

1000 psi

1 cp

same as
Run 2

same as
Run 2

7
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ASSUMPTIONS AND L IMITATIONS

The method for determining the optimum economic diameter is

subject to the following assumptions and 1imitations.

The method applies to Newtonian fluids (including
incompressible flow of gases).

The upper limits for combinations of operating
temperatures and pressures are: 700°F and 1800 psi
for A52 Gr. B carbon steel, and 1000°F and 2000 psi
for 304 L 5.S. and 316 L S.S.

The material and labor costs for the three piping
materials were based on data from Richardson, Process

ST

Plant Construction £stimating Standards 1977-1978

Edition(s), and a least sguares correlation relating
material and labor costs as 4 function of pipe weight
per foot is used in the sofiware program for computing
the optimum diameter. Figures 5 and 6 show material
cost and labor cost versus weight per foot of pipe.
Although the software program computes the optimum
economic diameter for straight runs of pipe, the method
is not limited to this. To account for the material
and labor cost of fittings and valves, a pipe cost
constant, Cp is computed. The computation of Cp is

detailed in the section: Procedure for Calculating the

Optimum Diameter.

-,
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When sizing pipe, it is common practice to antici-
pate an increase in friction factor over the 1ife of
the pipe. To account for this the friction factor

is multiplied by some constant. In the software pro-
gram the friction factor is multiptied by 2, which
corresponds to a value of € = 100, in the familiar
William-Hazen formula for friction loss. This value
of C if often used for design purposes, however, any
vaiue of f can be used in the method presented here,
Diameters to a maximum of thirty inches can be com-

puted using this method.
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EFFECT OF INFLATION ON THE OPTIMUM DIAMETER

By examining equation (6), it can be seen that the effect of
inflation over the operative life of the pipe line would be to increase
the cost of electricity, hence the capital investment to save 2 unit of
power, C, would increase, as would the pipe cost coefficient, Cp, leaving
the optimum diameter unchanged.

1f the cost of electricity changes at a rate different than the
material cost, the diameter would be affected as the ratio of the change

in capital investment to the change in pipe cost to the .179 paower.

VA
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PROCEDURE FOR CALCULATING THE OPTIMUM DIAMETER

For the parameters:
1. mass flow rate, W Ibm/hr
fluid viscosity, u cp
fluid density, p Tbm/ft3

operating pressure, P psi

cost of electricity, CE  $/KW-hr
return on investment, < fractional

2
3

g

5. operating temperature, T °F
6

7

8. project Tife, N years

9

utilization factor, U fractional
10. piping material costs, Cp $/Ft-1n2

11. pump and motor efficiency, £ fractional

Steps one through six outline the procedure for calculating

the optimum diameter, using the relation:
D/D, = 2.4 v'17° (7)

Step One: The capital investment justified to save a unit of

power is calculated from equation (4), which is:
C=PW x CE x U x 8760 (4}
Step Two: The quantity,
b=P(2(S - .6P) + P)/(s - .gp)2 (8)

is computed where,

d3<
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5 is the allowable stress at the operating temperature, psi

P is the operating pressure, psi

This equation relates the maximum allowable stress of a given piping
material to the operating temperature. Tables exberpted from the ASME
pressure vessel code giving allowable stresses versus temperature for
various materials are listed on pp. 6-38 to 6-41 of Perry(1).

Step Three: The pipe cost coefficient, Cp, is now computed.
This coefficient depends on: (1) the piping material cost, (2) the number
and cost of the various fittings and valves, and {3} the labor cost to

jnstall the pipe and all the fittings. For the commonly used piping

materials, carbon steel, 304L S5.5. and 316L S.S.,Cp is given as:

Cp = .118x + .084 CY for carbon steel {9) g
Cp = 208X + .162 CLY for 304L S.S. (10}
Cp = 266X + .162 CLY for 316L S.S. (11}
where:
X is the material cost per foot of 12-inch, 3/8" thickness
carbon steel pipe, including the cost of fittings and valves.
For 304L S.S. and 316L S.S. use 12-inch schedule 105 pipe.
Y is the man hours per foot to install the above 12-inch diameter
pipe, including fittings and valves.
gy is the cost of labor, $/mhr
To compute X and Y, the fittings and valves in a run of pipe to be opti-
mized are converted to the reference diameter of 12 inches. An estimating

guide such as Richardson(ﬁ), can be used to determine the material and

44<
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labor costs for the various valves and fittings, all converted to the
reference diameter of 12 inches.

Step Four: For materials other than carbon steel, 304L S.S.
or 316L S.S., 1f material costs can be expressed as a multiple of carbon
steel costs, it is only necessary 1o muitiply X by this multiple. Simi-
larly for Y. If the pipe cost is not a direct multiple of carbon stee]
costs in order to compute Cp, it is necessary to express the pipe cost

in the form:
Pc=8wt" + C(Gwt + d) (12}

where :
P_ is the material and labor cost per foot for erecting straight
pipe without fittings or valves.

wt is the pipe weight, Tbm/ft

From & least squares correlation, B, n, G and d can be determined, B can

be expressed as:

B » CmJ or Cm = B/
where:
Cm is the material cost coefficient, Ft/1b
J s the materiai_cost per foot for a straight run of 12-inch
pipe of the desired material and schedule, exclusive of any
fittings or valves.
Similarly:

G = Fk or F=8/k



where:

where:
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F is the labor cost coefficient, ft/1b
k is the manhours per foot to erect the 12-inch pipe above,

exclusive of any fittingsor valves.
From the derivation given in Appendix A, we have the result:

Cp = nCmCZX + ZCLFCZY ' (13)

¥ is the material cost per foot of the 12-inch pipe including
all fittings and valves.

Y is the manhours per foot to erect the above pipe fittings
and valves.

n is the exponent given in equation (12)

C2 is the specific weight of the pipe, 1b/ft-in2

CL js the labor rate, $/mh.

Step Five: The effect of additional head loss due to fittings

and vaives {over 100 feet of straight pipe) is accounted for by computing

an "equivalent* friction factor, f', to be used in equation (6)

where!

£ o= 2F(1 + Le/100) | (14)

£ is the friction factor from the moody chart for a given Rey-
nolds number and pipe diameter
e is the equivalent length in feet of pipe due to fitting and

valve head loss only.

46«
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The factor of 2 was discussed under the section, Assumptions and Limita-
tions, and is used to anticipate increasing friction factor with Dipe
aging.

Step Six: A1l the parameters needed tb compute D{Do = 2.4 7‘179
are known at this stage with the exception of f'. Since f' = f(NRE, e/D)
for turbulent flow, D/D0 cannot be calculated explicitly. Therefore,
it is necessary to assume an initial diameter. From this diameter, NRE
is calculated, and f is found from the Moody chart. Le can also be com-
nuted, since Le/D is known from the various fittings and valves. Conse-
quently, f' can be calculated from Step Four. D/Do can now be computed,
Using this value of D, f and Le are again found, and a new f' is calcu-
Tated as before. This f' is substituted into Equation (6), and new D is
calculated. From this D, the above process is repeated once more, with
the resulting D being the optimum diameter. At the most, three calcula-
tions of D will be reguired before the salution converges within = 3% of

the optimum diameter.
Following the procedure outlined abova, a numerical example is

given in the following section,

47?<
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CALCULATION OF THE OPTIMuM DIAMETER - AN EXAMPLE

Find the optimum economic diameter given the foliowing parameters:

mass flow, W = 750,000 1bm/hr

Fluid density, p = 62.5 1bm/ft>

fluid viscosity, u = 100 cp

operating temperature, T = 300°F

operating pressure, P = 300 psi

pump and motor efficiency, E = .7

utilization factor, U = .8

cost of electricity, CE = .038 $/KW-hr

return on investment, < = .12

operating 1ife of 10 years

cost of labor, G = 13.55 $/hr

A53 Gr B carbon steel piping with the following fittings:
§ - 90° FLS, 2 - T's, 2 gate valves (fully open),
5 field butt-welds per 100 foot of pipe

Step One: The capital investment is calculated from Equation (4)

o
H

PM(CE x U x 8760)
5.65(.038 x .8 x 8760)
1505 $/KW

fl

Step Two: The coefficient relating allowable stress to tempera-
(1)

ture is calculated, with information from pp. £-38 to 6-41 of Perry’ ‘.

48<
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b=P(2(S - .6P) + P)/(S - .6P)2
= 300(2(18,750 - .6(300) + 300)/(18,150 - .6(300)2)
= .034

Step Three: The pipe cost coefficient is calculated. The fol-
Towing table is constructed for the 12-inch, 3/8-inch wall thickness

reference pipe, based on data from Richardson(s).

Item uan. Material Cost Man Hours Req'd Le/D
90° ELS 5 5 x 86.00 = 430.00 5 x 10.6 = 53 150

T'S 2 2 x 149.00 = 248.00 2 x 10.6 = 21.2 40
300#Gate 2 2 x 3119.00 = 6238.00 2x5=10 20

Vaives

Pipe 100 ft. 1523.00 68.6 -
Field Welds 5 - 5x 11.1 = 55,5 -
TOTALS 8489.00 208.3 210

Therefore,

X = 848%/100 = 84.9 $/ft
and,

Y = 208.3/100 = 2.08 mh/ft

From Equation (9),

L ]
il

2118 + -084C, ¥
.118(84.9) + ,084(13.55)(2.08)
i2.38

49<



11-30

Steps Five and Six: Calculation of £ and D. Assuming an ini-

t+ial diameter of 6 inches yields:

6.32 W/ub = 6.32(75,000)/(100)(6)
7,900,

N

RE

u

and from the Moody chart, f = .034. Therefore,

Le = (210)(.5) = 105 and from equation (14)
F1o= 21 + L/100) = 2(.030)(1 # 105/100)
= .139
From equation {6},
v = 2.63 x 10713 crwd/EC bp
- 2.63 x 10713 (1505)(. 139)(?50 000)3/(.7)(12.38)(.034) (62.5)2
= 2.0 x 10}
Therefore,
o/ = 2.4y
- 2.4 (2.0 x 10%)-173
- 14.14

The Reynoilds number is now récaIcuIated.

N

zg = 6-32(750,000)/(100)(14.14)

3352

and from the Moody Chart,

f = 042

/i

S0
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—
L

(210}(1.17) = 247.5

fl

(2)(.042)(1 + 247.5/100)
.292

Therefaore,

v = (2.63 x 10“3)(1505){.292)(750,000)3/(.?)(12.38)(.034)(52.5)2
4.24 x 10°

and,
2.4(4.24 x 104179
16.3

D/D

H

]

Recalculating the Reynolds number once again,

Npg = 2926
and,

f = .0425

Ly = 285.3

' = .326

y = 4.73 x 10

D/D, = 16.5

This is the optimum diameter.

% |
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CONCLUSION

The method developed here for determining the optimum diameter
was compared with a relation developed by DuPont cited in Perry(l) for
the range of parameters listed in computer runs one through three of
Table 1. DuPont's equation and the assumptions made in the comparison

are given in Appendix B. The software program computed the percent dif-

ny - Dpypont

D

ference in diameter (where % AD = x 100%) for 135 diameters,

DuPont
and the results are summarized in Table 2. For each mass flow range of
1,000 - 60,000 1bm/hr listed in Table 2, five diameters were compared,
and for each mass flow range of 10,000 - 4,500,000 1bm/hr, eleven dia-
meters were compared. From Table 2 it can be seen that the mean absolute
percent difference in diameters between the two methods is less than 19%,
with the method presented here yieiding larger diameters than the DuPont
relation, for diameters over four inches. A 19% increase in diameter
represents a decrease of 58% in the pumping power required t0 overcome
friction losses.

The method for computing the optimum diameter is straight for-
ward, and encompasses a wide range of parameters with an emphasis on the
cost of energy, as evidenced by the larger diameters produced, relative

to another accepted method.
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TABLE 2
DIAMETER COMPARISON BETWEEN DUPONT RELATION

AND DIAMETER CALCULATED FROM GAMMA

??;s flow Densits Viscosity Energy Cost Max AbES?Ete
m/hr} {1bm/ftv) {cp) ($/Ki-hr) %AD %AD
1,000 - 66,000 075 .02 .0025 1.1 5.8
L0126 27 17.8
.0253 29 15.7
.G379 23 12.3
.0505 18 10.6
10,000 -?4.5 MM 62.5‘r I.E 0028 19 8.7
| .0126 37 11.4
.0253 28.7 14.4
.0379 21.8 11.5
1 0505 43 14.2
100 .0025 22.8 10.5
.0126 35 18.8
0253 37 17.6
.0378 28.5 i2.8
\ ! 0505 23 11.6
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APPENDIX A

Derivation of Gamma

The head loss due to friction of fluid flowing in a closed

conduit is given by the D' Arcy-Weisbach Equation as:

' 29 (1)

In terms of pressure drop per unit iength of pipe;

o fP

1 _—4p (2)
29D]

p
...‘I_.=P
L
where,
P, = LBF/Ft° - Ft

For Taminar flow,

f = 64/NRE

(3)
and for transition and turbulent flow, the empirical relation,
e ttog. (25 . _e (4)
£ 10 Vi 3.7D,

will be used,

The power dissipated as a result of friction loss per unit
length is:

SHRS
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Pe
L
The power input for & combined pump and motor efficiency, £, in terms
of W and D is:
3
C1fw

P 52y (6)

As a basis for piping costs, Richardsan Process Plant Construction

Estimating Standards 1977-1978 was used. Using a jeast squares 1inear

regression, the following correlation was obtained:

Pc=CmXuftn + C (Fwt + d) (7)
where,

Cn = 0228, n = .974, F = .01573, d = .268 (for carbon steel}

Cm = .0375, n = 1.04, F = .0303, d = .188 (for 304L §.5.)

Cm=.M8,n=1iM.F=.0%3,d=.mﬁ (ﬁrBﬁL55J

wt = 1b/ft

X = §/ft, material cost per foot of 12-inch, 3/8" wall thick-
ness carbon steel pipe. Includes cost of pipe, fittings,
and valves. For 304L S.S. and 316L $.S. use 12-inch SCH.
10S pipe.

¥y = mh/ft, manhours to install 12-inch, 3/4" wall thickness

carbon steel pipe, tncluding all fittings and valves. For
304L 5.5, and 316L S.5. use 12-inch, SCH 10S pipe.
¢ = $/mhr, cost of labor.

ob6<
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The pipe cost is a function of weight per length for a given
material. This in turn is a function of aperating pressure and tempera-
ture (unless special considerations require extra wall thickness for
abrasion, for example). With no allowance for corrosion, the wall thick-
ness as a function of temperature and pressyre is given by the ASME pres-

Sure vessel code formuyla far seamless pipes as:
t, = PD/2(S + .4p) (8)

or in terms of inside diameter, D, this can be expressed as:

t, = PD/2(s - .6P). (9)
Since,

wt = cz(Do2 - %) (10)
and,

Dy =0+ 2t . (11)

We can combine these expressions, and the weight per Tength can be ax-

pressed as:

wt = czozb (12)
where,

b= P(2(S - .6P) + P)/(S - .6pP)2. (13)

Using the case of carbon steel as an examplie, and substituting (12) into

(7)  we have: _
27~
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2 \.974
P = Cot (C0%)77 + cL(FYcznab + d) (14)

Computing the incremental pipe costi for a AD yields:

dp |
s o _ .974 .948
P2 —= AD = (1.948C, x (Czb) x D + ZCLFYCZDb)ﬁD {18}

dd
where,
APC = §/ft.
The incremental change in the power reguired for this AD is:
o e B 6C, fu’ ] 6
& —m= AD = - -_E"?T'ﬁ . 16
Therefore, N
AP dP a0 1
= __C_ = .._..-G- AD ¥ — —
AP dD dPe AD
enBo2g(1.9480, x (C,0)"%7% x 048 + 26 FYC,00) (17
o o _.-3_ i
Ec1fw
Making the approximation:
Dbcp = Db(1.948':M X C2 + ZCLFYCZ) (18)
or,
Cp = (1.9480M X Cp ¥ ZCLFYCZ). (19)
For carbon steel this becomes:
(20)

Cp = 118X + .OBQCLY

58
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For 304L 5.S. this is:

Cp = 208X + .]GECLY (21)
and for 316L $,S. this is:
Cp = 266X + .?GZCLY (22)
We can simplify (17) so that:
AP
= __C . 2.7 3
C = Eﬁ; = . ECpp bD g/6C, fw” | (23)
For any given investment cost to save a unit of power, C ($/kw), the
optimum diameter {s:
D = (C601fw3/ECpbgp2)]/ 7 (24)
Dividing by the unit diameter Do’ inches,
/D, = (C6C,Fw/D7EC_pgo?) /7 (25)
p
Let:
Ce = 3.83 x 10717 1n5/£t5 . pp3/gac3
* kw-sec/ft-1bf - GC]/ECpg (26)
or:
Cs = 2.63 x 10']3/ECP , ku=hr3-in’/5-1om-££8 (27)
Therefore,

D= f(C,f,b,wB,pz,E,CsJ (28)

59<
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We define gamma as:
y = 2.63 X 10713 wa3/ECpbpz. (29)

which is the quantity relating the significant parameters to the optimum
economic diameter. The parameter groups in Table 1 were inputted to the
software program, and each combination of parameters yielded an optimum
diameter, and a corresponding v. A least squares linear regression of

Y on D/DO yields:

179

D/R, = 2.4 v (30)

with a correlation coefficient r = .94.

™
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NOMENCLATURE

hL = head Joss, Tt

V = velocity, ft/sec

L= ft

Py = Lbf/FtP-ft

0y = diameter, ft

e = relative rougness, ft
A = area, ft2

g = 32.14 Ft-1bm/sec%~1bf
= density, 1bm/fts

Q

f = friction factor, dimensionless
Nre = peynolds number, dimensionless
C1 = scale factor, dimensionless

Pf = power per unit length, 1bf/sec
. = bipe cost, $/Tt

€, = labor cost, $/mh

[y
il

y = material cost coefficient, ft/Ib
F = labor cost coefficient, ft/1b

n = cost exponent, dimensioniess

d = cost constant, mh/ft
0, = unit diameter, one in.
P = pperating prassure, psi
S = allowable stress, psi
t, = wall thickness, in.
D = inside diameter, in.

U = fractional operation time per year,
dimensioniess
61

C, = 2.667 Tbm/ Ft=in2

wt - pipe weight, 1bm/ft

b = dimensionless
APC = §/ft
APf = 1hf/sec

= $/kw

C, = $/Ft-in2

v = dimensioniess

E = pump and motor efficiency,
fractional, dimensionless

X = material cost, $/ft

Y = Tabor, mh/ft

w = mass flow rate, 1b/hr
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APPENDIX B

puPont Co. Optimum Diameter Relation

The parameters indicated in runs 1 through 3 of Table 1 were
inputted to the DuPont formuTa(j) below, and the diameters calculated
were compared with the diameters calculated from the v correlation. The
resuits of these comparisons are summarized in Table 2.

Both relations computed the optimum diameter for a straight
run of schedule 40 carbon steel pipe which included five field butt-welds
per hundred feet. The comparison of the two methods was made on a COmMNON
basis with the parameters below assigned to the DuPont formula, and where
applicable, to the y correlation.

The formula of DuPont which is based on return on incremental

investment is given as:

pd-84 N/ 4 .?94L'ED)
284 .84 .16 | M
.000189YKg™"""p" " 0° (1 + M)(L - ¢) + ——
al + bf
- (1)

n X E(T + E)Z + (a+b)(1 - ¢))

where:
D = economic pipe diameter, f{
n = exponent in pipe cost equation (C = xo™)
C = cost of pipe, $/ft
X = cost of 1 ft, of 1 ft diameter pipe
Lel = factor for friction in fittings, in pipe diameters per

unit length of pipe

6=
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M= (a' + b')EP/(17.9KY) ratio of annual cost of pumping
installation to annual cost of power delivered to the fluid,
dimensionless

E = Combined pump and motor efficiency, dimensionless

P = installed cost of pump and motor, $/Hp

K = cost of power delivered to the motor, $/kw=-hr

days of operation per year (24 hr days)

¢ = factor for taxes, dimensionless
Z = fractional annual rate of return on investment, dimensionless
F = ratio of cost of fittings plus installation cost of fittings

and pipe to pipe material cost, dimensionless

a' = fractional annual depreciation on pumping installation,
dimensionless

b' = fractional annual maintenance on pumping installation,

dimensionless
a = fractional annual depreciation on pipe Tine, dimensionless
b = fractional annual maintenance on pipe 1ine, dimensionless
q = wlumetric flow rate, Ftafsec
0 = fluid density, Tbm/ft3
B = fluid viscosity, cp

The values assigned to the parameters are:

n=1,256 Y = 292

X =141 ¢ = .55

Le =0 Z=.12

E= .7 a' +b' = .14
p = 150 a+b=.2
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Using a Teast squares correlation, the following relations
were derived for materiai and labor costs of schedule 40 carbon steel

(6)

pipe based on data from Richardson*~ ‘.

Material cost, $/ft = 14.) pl-256
of 1f D is in inches,
s/ft = .62 D258

also,

Labor cost, $/ft - 1.22 D73

assuming labor cost = $13.00/mhr and welding cost, $/ft = 1.08 0'78'

The above expressions are combined to form an exprassion for

1 + F which is,

-.476

1+F=1+371D where, D is in.

6d<
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APPENDIX C

"SOFTWARE PROGRAM LISTING

—C _PROGRAM. .EOR_OFTIMIZING EIPE_SIZENFDR“ANZ-NEUTDNIAN.ELUID e e

c
€ .. .. ROBERT KRAMEK e e
c DEPARTMENT OF MECMHANICAL ENGINEERING
c CARNEGIE-MELLON UNIVERSITY
c - . FITTSBURGH FENNSYLVANIA e e s
c :

. €

———— REAL NRE» KNEWsKOLD'y LAMEDA, MUy KWHR

DIMENSION INOM(30), DOUT(30), TMSTIL(30), TMSS(30), CKIC1%),
2 P{10)y TCi0)» Q(30), RHOC10) s MUCLIO), DSC103, C{iQ)»
—e—m e B RHOS(10)y CLAEOR(10} _ T e
C NOMINAL DIAMETERS FOR STANI'ARD FIFE SIZES ARE:
115 DNOM(1)=,5
e DNOM(R) 8,78 ] ) e
DNOM(Z)=1,0
DNOM{4)=1,25
v DNOM{E) =t % . ——— . ————
DNOM(&)=2.0 :
DNOM(7:=2,53
e e DONDMLBY=3,0 e ——— e e R i e L
ONOM(9)=3,5
IINOMC10)=4,
—— e DNOM(i1)=S, _ _. -
DNOM(12) =5,
INOM(13)=8.
ewnenne - .o ONOM(14)=10, T e e e e e — e
DNOM(1S)=12,
INOM(14)=14, :
e e CONOM{L7Y=16, e _-— e e
DNOM(18)=18,
DNOM(19)=20,
- DNOM(20)=024, . T ————
ONOM(21) =30,
C OUTSILE DIAMETERS ARE AS FoLLDOWS
ceme e DRUT (1) =.840 e e e e — e
DOUT(2)=1.0%
poUT(3>=1.315
e e DQUT(4)=1, 46 e i i e
LoUT(5)=1,9
OUT(4)=2,375
mmmem e DGUT (7Y =2, 875 e
oguT(8)=3.5
DouUT(93=4,
e IOUTC 0 Y=g, . me e e el
nouUT(11)=5,54
DOUT(12)=4,425
©oee .. DOUT(13)=28.425 Sme e mm e
[oUT(14)=10.7%
DOUT(151r=12.75
BUUT(i&)=149 Pere e e el e L e
IoUT(17 =14, '
noguT(18r=18.




Rt s e simima T

. ROUT(12)=20.
poUTC(20) =24,
HouT(212=30,

THSTL(1)=.,10%
THSTL(2)=,113
THSTL(3)=.133
THETL(4)=.14

TMSTL(S)=.145
THMSTL(&6)=.,134
THSTL(7)=.203
TMSTL(8)=.214&

e THSTL(?)=.226

TMSTL(10)=.237
TMSTL(11)=,258
pn,____m_THSTL(1°Jﬂ.g8
THSTL(13)=.322
THSTL(14)=.365

e THMSTL1T) =370

THSTL(146)=,373

THSTL(17)=,375
e TMSTL(18)=.375
TMETL(197=.375
THETL(20)=.375
TMSTL (21)=.375

L SCHEDULE 40 WALL THICKNESSES

© THICKNESSESS FOR S TO BE

THSS(1)=.065
. THSS(23=.045
THES(3)=. 065
THMES(4)=,045
e .TMS5(5)=,065
THES(4)=.065
TMSS(7)=,083

U THSS(8)=,083
TME5(9)=.083

TMSS¢10)=,083

e TMBE(11)=.109

THMSS(12)=,109

TMSS(13)=.10%9
e THES(14)=.134
TMES(19)=.156
TMSS(16)r=.136
e e TMBS(173=4163

TMS8S(18)=.170
TMSS(19)=.188
e e . TMES(203=,218
THSS("I )—..»..»0

C THE VALUES FOR FARAMETERS TO

e T3 =0,
: T(2>=100.
T(3)=300.

—————— S P Lt~ 40 I —

BE USEL IN DO LDOFS ARE:

be<




T{(3)=700.
T(&3=700,
e T(2)=1000,
T(8)=130¢L,
T{?)=13500.
i e PCLY=0,
F(2)=3500,
P{3)=1000.
_______ .o F(4)=1500.
P(SI=1800.
P(&3=2000.,

i P A7 Y22500, -

P(8)=3000,
CLABOR{1)=2,
—_cm—m—. ELAROR(2)=8,
CLABDR(3)=13.
CLABOR(4)=20,
- —CLAROR({T)=50.
CKI(1)=2.
CKI(2)=100,.
e .. BRIC2)=500,
CKI(4)=1000.
CRI{5)=1500.
CRTI{(46)=2000.
Q(1)=1000.
RQ(2Y=T00Q0,
QL31=10000,

11-47

@(4)=15000Q,
R{5)»=30000,

—im—. REHY=H0000,
R{73=120000,
Q(8)=250000,

L R(9)=S00000.
[QC10)=750000.,
F11)=1000000.

- L RULZ)=T3000000 .,
R{13)=4500000.
MUC1)=,005

—— .. _ _MU(Z3=.01
MU(3)=,02
Mu(4)=.09

e MU =1, 0
MUY=
MU(Z)=20,

_— . HMU(8)=100.
MU(?)=1000.
RHO(1)=,02

——e—— e RHO(22=,073
RHO(3)=.09
RHD(3)=40.

e RHE{S =42 .3
RMOC(4)=80.

C DO LOOF INDEXES FOR INPUTTED FLOW PARAMETERS ARE:
- C THE TEMPERATURE INDEXES AR

NT=2
NTF=2

67

o
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S NTINC=1 .

¢ THE PRESSURE INDEXES ARE:
NP=2

NPF=2 S ——
NP INC=2

£ THE LABOR RATE INDMEXES ARE:
_NL=3 L L — S

- NLF=3
NLINC=1

—.C THE INVESTMENT COST INDEXES ARED . ..
NK=3
NKF =&

e NKINC=1. . e
'C THE MASS FLOW RATE INDEXES ﬁREo
NQA=3
_NGF=13

NGINC=1
€ THE VISCOSITY INDEXES ARE:

NMU=5 e -

NMUF=5
MMUINC=1

L THE FLUID DENSITY INDEXES ARE!
NR=3
NRF=3

.- NRINC=1 e e -
TYPE 87é&

C THE [0 LOCFS CALCULATE THE COMBINATIONS OF THE VARIOUS

_.C FLUID FARAMETERS AND OFERATING CONDITIOUNS .
D0 877 INDL=NTsNTF:NTINC
0D 877 IND2=NFys NPFs NFINC
e _..D0.. 877 INDZ=NLy .NLFr NLINC
D0 877 IND4A=NKyr NKFs NKINC
0o 877 INDS=NG, NOQF, NRINC
PO 877 IND&=NMUr NMUFs NMUINC
ng 877 IND7=NRr NRFs NRINC
EFF=.5 '

_C THE PIFE COST COEFFICIENT 1S CS. -
£5=3.,29
INDEX=1
. —-. ERRNEW=0, e e - —
TH=.1
- KWOLD=9 , PE+09 |
e e PEOLI=PCNEW e e amma e o
S1GMA=0. .

HLOSS1=9,9E+09

C FBR C.B. FLAG2=1, FOR 304L5.S. FLAG2=2» FOR 214L 8.8, FLAG2=3

FLAG2=1
C THE REYNOLDS NUMEER IS5 CALCULATED
. 10 _._..IF (INDEX.GT.21) GO TO 931 S
ERROLI=ERRNEW
12 P=DOUT{ INDEX) -2, 0%TH

e Ym 16KRCINDS )/ (RHOCIND? 2 %3, 141 6%0I%k¥2)
14 NRE=124 XDXYXRHO CIND7) /MU (INLIG)
IF (NRE.,LT.2100) GO TO 31
68~
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~L FRICTION FACTOR FOR TURBULENT FLOW ... _. : e
- RELR=,0018/L -
Fr2=1
PRV ¥ 1 -, | e e
20 A=1/FWkX,5
B=—-2%AL0G10(2.51XA/NRE4+RELR/3.7)
e —— ERROR2=pES (AY-ARS(H) § S
IF (ERROR2.LT.0) GO TO 21
IF (ERROR2.,LT.0.04) GO TO S5
. FUW=FW+,0001 e - S S
- GO TO 20 )
21 Fld=FW~, 0001
— e IT2=IT241 . . e ) S
IF(IT2.EQ.3000) GO TO 951

60 TO 20 ,
_C STOKES LAW FOR LAMINAR FLOW . .. o SR
31 Fu=44/NRE
55 F=2%FW

~C THE HEAD LOSS AND' FUMFING POWER IS COMFUTED ASSUMING A PUMF MOTOR EE|
C ICIENCY OF E
40 HLOSS=. 1295¥FXRHO ¢ INL7 ) XUX X2/ T ‘
~..1022. FORMAT (¢ FRICTION FACTOR IS:’sFé.4) e
PPOW=(5,71E-0S5/EFF ) XQ ( INDS) XHLOSS/RHO ( IND7 )
KWNEW=FFOW :
moee e DELTRKW=KWOLD-KWNEW . e
KWOLD=KWNEW
GO TO (81,82+83), FLAGZ
-.C.ALLOWABLE FIFE STRESSES COMPUTED FY LEAST SQUARES FIT FROM
C ASME PRESSURE VESSEL CODE. FOR CAREON STEEL FIFING!
81 IFCTCINDLYLGT.1100) TYPE 98, T(IND1)
oo o XF (TCINDL).GT.900) GO TO B4 ... . .
IF (TCIND1).GE.750) G0 TO 89
IF (TCIND1).BE.400) GO TO 84
e e IF (TCINDLY.GE.100) GO TO 87 e
IF (TCIND1Y.LT.100) TCIND1)=100,
GO TO g7 _ , ‘ ,
B4, | S=8,9SE31/T{INDLIXkY o2 e e
GO TO S0
89 S$=8,38E14/T(INDL)¥%X3. 76
el _ GO TD 80 . . ' e
86 S=2,23E04/T¢INDL Y k%, 777
GO TO 80
v 87 B=3.9E04/TCINDI X%, 139 . . _ .. . e
60 TO 80 -
C FOR 304 SS FIPING ALLOWARLE STRESSES ARE:
82 IF, (TCINDL).GT.1500) TYFE 98, TC(IND1)
IF ¢(TCIND1).GT.1050) GO TO 35
IF (T(IND1).GE.700) GO TO 3&
IF (TCIND1).GE.100) GO TQ 37 ... ._ } -
IF (TCINDL)YLLT,100) TCINO1)=100.
GO 7O 37
35 .. S=1,735E25/TC(INDL)XX7.03 e
GO To 80
34 S=6.87E0S/T{INDL) k%, 424
. GO TO 80 _ e
37 S=7.49E04/T(INL1 ) k%, 29
.60 TO 80

69
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_C . FOR 314 5% PIFING THE aALLOWARLE STRESSES 4RE! = e e -
83 IF (TCINDL),.GT,1500) TYFE 98, TUINDL)
IF (T(IND1).GT.1100) GO TGO 41 .
___IF (TC(IND1),GE.%00) GO TO 42 S, e
IF (T(IND1),.,GE,.100} GO TO 43
IF (TCIND1),LT.100) T{IND1)>=100.

. .60 TO 43 —— - . N
41 S=4, 783E°3/T(IND1)**6 45
G0 TO 80
42 __ . 5=3,232E10/TCINDLYXX2,13 - _ : S -
GO TO 80
43 §=2,54E04/T(IND1)¥%X,062
e G0 TO 80 . e e e ———— e+ £ one 1 i o s e
28 FORMAT (’ THE TEHP. I8 TDD HIGHr rFlO. )

GO TO (84,35,41)r FLAGZ
80 _ __TM=P(IND2)XDOUTC(INDEXY/(2%(S+.4XFPLIND2))) @ e e —— -
G0 TO (75,76+76) FLAGZ .
75 IF (THMSTL(INDEX).LE.THM) GO TO 6
e . TM=TMSTL(INLEXY . . e -
GO TO & :

76 IF (THSSC(INDEX). LE TH2» GO TO & .
e _ TH=THMSS{INDEX) . B} e
6 WTm2,677%( (O+2KTH) XX2-[IXX2) .
GO TO (91:92593)FLAGR .
@1 PCOST=36.54X(WTXX.974)+CLAEOR(INDI)X(1.95KWT+26.87) Ty
GO 70 200
92 PLOST=256% (WTXX,96) +CLABOR (IND3 % (1, 146XWT+12.41)
L a LCLAEORCINDIIR(A.SIKDHFE 4 . i e
60 TO 200
93 PCOST=332. 8% (WTH%X.96)+CLARORCINDZ K (1, 146XWT+12.41)
_ | 2 +CLABORCINIDZIK(4,S3kD+644) 0 o .
200 FCNEW=FCOST
IF (AKS(ERRNEW).GT.ARS(ERROLID) G0 TO %00
L DELTPC=RCNEW~FCOLD . . o o o o o e e e e s e
PCOLL=FCNEW
LAMEDNA=DEL TFC/DELTKN |
o .. - ERRNEW=LAMBDA~CKI(IND4} e
IF (ERRNEW) 4y%00,5
C IF THE NEW ERROR 1S5 NEGATIVE, INCREMENT SIZE AND GO THRQUGH LOOP
C AGAIN. IF NEW ERROR IS ZERO, FINISHED, IF NEW ERRCR IS FOSITIVE.
C CHECK THE ARSOLUTE VALUE OF OLD ANI' NEW ERROR» ANI' SELECT MIN ERROR.

4 INDEX=TNDEX+]
.. GD TO 10 e e
=] IF (ABS(ERRNEU).LE,ABS(ERRULD)) GU TO 200
INDEX=INDEX-1
— . -..GO TO 12 e e —— e -
200 ALEFH= P(INDQ)*(ﬁt(S—-é*P(IND°))+P(IND“)) '

2 Z(S-.4%P(INL2))I%x%x2
e BAMMA=2 ., 43E-13%XCKICINDAYXFXQ (INDS) XX3 . e e
2 /(EFFACSXALEPHXRHOCIND?) %%2) L
C DUPONT’S RELATION FOR FIFE DIAMETER BASEDR ON INCRE- :
CMENTAL RETURN ON INVESTMENT IS CALCIN ATET fiN AN FRtial. RARTS

70~
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I A X} e RS NS M aFmmE - ommwEst dwrr mda T M o pea

-

€ THE CAFITAL DUTYLAY JUSTIFIED TOD SAVE A KILDNéTT IS DaSE:

C 10 YEAR FROJECT LIFE, .8 UTILIZATIONs 12% ROI» NO QOFERA’
C DR SALVAGE VALUE.

= B7A
@78

--..-907
877

— 251

752

-— 933
254

.—-END ___

RWHR=CKI{INDS) /32595,
QLPHI=2»55#EFF$(1+(1o22¥D**¢785+1.IXD#*‘78)/(.62K
ALFH2=4-386E*12*KWHR*G(INDﬁ)**2¢84*HU(INH6)**¢16/1
ALFH3=.45+2, 81 E~-03XEFF /KWHR
D1=12%CALFH2XALFHI/ALFHL ) %X, 184 - o oo oo
DELD=(D~-D1)/Li1%100

WRITE (5,878) RHOCINDZ)s MUCINDGYr FCINDD), T{IND
2 CKICINDA)» CLARORCINDZ)» ULk KWHR» NRE» . ...
3 GaAMMA» Fy D1s DELD

GO TO 907

FORMAT (1Xs’ RHD’ s4Xs’ VISE 2%y ” PEBI’»4X,* TEHF“
2 PXs? $/KW »2Xy” $/MH’71Xs” VEL .7 51X’ DIA”s3Xs "’
3 10Xy’ GAMMA“»8Xr’ FF’33Xs’ N1742X,’ ADIFF 7/
FORMAT (F?.3J1X:F8.3rlX!FéolrIXrFéolrIXrF9-Ir :
2 AXsF7 019 1X0F8. 27 1XrFS.2:1XsF5.251XsF 7. 451X, E12.
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