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Optimum design of pulp

stock pipelines

H. L. Laskey

Becase power costs will continue (0 increase, the design engineer should
consider power costs as well as capital costs on any project.

Since power costs will continue to increase, perhaps even
at an accelerated rate in the future, the design engineer
must consider power costs as well as capital costs on any
project. Optimum pipe design is based on the least sum
of fixed costs and power costs. In many installations, pipe
friction is responsible for a sizable portion of pumping
power costs. The engineer must also consider proper
design for nonplugging operation.

The method presented here allows the engineer to select
a pipe size from friction loss curves on which optimum
flows and nonplugging flows are shown. The method
applies to stocks of all consistencies and can be extended
to any stock for which pipeline friction parameters are
known. The eurves presented at the end of this paper are
for consistencies of 1.5-6.0%.

Where local material, labor, and power costs vary
considerably from the costs used here, the engineer can
nevertheless use the curves to make an initial seleetion for
pipe size. Then he can calculate actual costs for the size
selected and for the size on either side of the one selected.

Curves for friction loss for a long-fibered kraft pulp,
dried and reslurried, illustrate the method. Bodenheimer’s
work (1) was used to determine critical plugging velocities.
Sheldon’s method (2) was used to find optimum pipe
diameters based on fixed costs {as a percentage of installed
capital cost) and pumping energy costs.

A recent estimate of capital costs was used for material
and labor costs for Schedule 5, 304-L stainless steel pipe
insizesof 3,4, 6, 8, 10,12, 14, 16, and 18 in. These estimates
are given in Table I. Duffy's method (8) was used to plot
friction loss curves for these pipe sizes.

Theory

In the following analysis, the first equation for each pair
is in English units, and the second equation is given for
SI units. The analyses of material and labor costs for nine
pipe sizes gave the following equations:

Ca/100 ft = 548.40 ™1 D {la)

Laskey is senior staff engineer at Simons-Eastern
Consultants, Inc., P. O. Box 4078, Station A, Portland,
Me. 04101.

I. Capital costs for "T‘304L stainless steel pipe, Schedule 5, including
fittings, hand valves and hangers

Cw/100 m = 1799.30 L% D (1b)
CL/100 £t = 2659.00 ™ D (Za}
Ce/100 m = 8658.56 ¢ D {2b}
where
Cm = materials eost, including fittings, flanges, and valves
Cu = labor cost
D = inside pipe diameter, in. or mm

2718,
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Sheldon found that his cost equations were a power
function, whereas these equations are exponential. Also,
Sheldon used installation labor as a fixed ratio of material
costs, whereas the labor cost figures used here are not a
fixed ratio of material costs for all diameters. [For a more
detailed discussion, see Sheldon (2) or Laskey (4).]

The equation for pumping power per 100 ft. of pipe is

P=Q (AH/100) 3960F (3a)
where
P = power in brake horsepower, or bhp
Q = flow rate, gal/min

June 1988 Tappl Journal 79



iping

Stock P

1. Friction curves with optimum flow lines and Bodenheimer's lines

2, Friction loss curves for krafl pulp with an average fiber length of

(a: friction loss. b: friction loss corrected according to Eq. 12)

3.334 in. (85mm)

3. Friclion loss curves for kraft pulp with an average fiber length of 4. Friction loss curves for kraft pulp with an average fiber lengfth of
4.334 in. (110mm) : .

6.407 in. {(163mm)

Al
E

I

drop in header pressure, ft of head

efficiency of pump and motor as a decimal.
For pumping power per 100 m of pipe, the equation is
P=Q(AH/100)/ 6126 K (3b)

where @ is in L/min and P is in kilowatts.
Using electric power costs of $0.06/kW +h is equivalent

to $0.0448/bhp-h. Thus, the power cost, Cp, can be given
as follows:

Ce = 0.0448 x 8760 Q (A H/100)/ 3960 & (4a)
Cr=0.060 x 8760 Q (A H/100) 6126 E (4b)

where
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Co = bhp power cost per 100 ft and KW power cost per
100 m, respectively
8760 = total possible operating hours per year

flow i‘abe, gal/min and L/min, respectively.

Grouping constants and assuming E = (.60 for pump and
motor gives:

Cr =0.1652 x Q (A H/100) (5a)
Cr=0.1431 Q (AH/100) (5b)
Using metric terms, Sheldon gives power costs by:

Cr = 0.00981 (AH/len) pQ K, NW/E (6)

where



5. Friction loss curves for kraft pulp with an average fiber length of

6. Friction loss curves for kraft pulp with an average fiber length of

8407 in. (214mm)
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7. Friction loss curves for kraft pulp with an average fiber length of 8. Friction loss curves for kraft pulp with an average fiber length of

13.75 in. (349mm)
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len = piping length control valve. The factor 0.1652 in Eq. 5 becomes
P = stock density, kg/m? 0.1652 x 1.05 x 1,40 = 243
= flow rate, m¥s This gives the cost of power in English units as
K. = cost of electric power, $/(kW-h
power, $(cW-h) Cr = 0.243x Q (AH/100) (7a)
Ny = number of operating hours per year ) : . .
.. D It gives the cost of power in SI units as
E = efficiency of pump and motor AH/len = friction loss,
m/100 m of pipe. Cp=10.2103 Q (AH/100) (7h)

Pipe material and labor costs are multiplied by linear
feet of pipe/100 ft or by linear meters of pipe/100 m. The
power costs, however, should be based on total equivalent
feet/100 ft or on total equivalent meters/100 m. Total
equivalent length includes the effect of fittings and valves.
The length of pipe was increased by 5% for an average
number of fittings and then by 40% for friction loss at the

In this way, all costs can be based on the linear feet or
linear meters of pipe.

In cases where an optimum pipe size falls between two
diameters, costs for each diameter should be caleulated
using power costs from Eq. 5, multiplyving by the
appropriate factor for pipe fittings and pressures drops
across control valves,
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For Duffy's formula for pulp stock friction loss, a
correction factor F is introduced:

F=FxF,

where these factors are as follows for long-fibered kraft,
dried, and reslurried:

Fa = temperature correction factor
1.528 - (0.00556 x °F)

0.972 for 100°F

y = pipe roughness factor

= 1.25 for stainless steel pipe.
Solving for this factor gives us

F=0972x125=1215
Duffy’s formula, then, is

AHJlen=F K V¢ CB DY ()

where parameters are as follows for long-fibered kraft,
dried, and reslurried:

K = 9.40 for English units and 1036 for SI units
C = consistency, %
D = inside pipe diameter
= 0.31
8 = 181
¥ = -1.34

AHflen = {riction loss,

Other factors for the amount of beating and design safety
factor are equal to 1.00.
Using these parameters, we derive:

AHflen = 11.42V0% x C181 x p-134 (9a)
AH/len =1258,74 VO3 x G181 184 (9b)
The maximum veloeity for Eq. 9 is:
Vinex = Ky C? = 0.49 C*%
Vinsx = 0.15C1

{10a)
(10b)

for PVC pipe. K; will be smaller for stainless steel pipe;
therefore, we have used:

Vo = .44 C% (11a)

Viax = 0.135 1% (11b)

Also, for friction above Viax (thé velocity where friction
levels off and actually decreases), we have used:

friction loss = 1.15AH/ Liax (12)

This is one of the methods proposed by Duffy for use in
the drag reduction portion of a friction loss curve.

For the general formula for fixed cost plus power cost,
using fixed cost as 20% of installed pipe cost and combining
Egs. 1, 2, 7, 8, we obtain the following general formula
for total cost, which is good for any stock:
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Cy=(109.68 & 0

527.80 0y 0243 Q F K V2 CP DY (132)
C.=(359.86 *¥ D 1731.71 ¢ *¥ Dy)
02103 QFK Ve CP (13b)

For a specified flow rate, fixed cost will increase with
pipe diameter, and friction power cost will decrease. Thus,
there is an optimum economic pipe size for any flow rate,
which is derived by setting the first derivative with respect
to [} in Eq. 13 equal to zero. Before this is done, we must
substitute @ for Vin Eq. 13, since the friction loss curves
are friction loss vs. flow rate, or @.

V=@ {0.4085/ I?) (14a)

where V is in ft/s, @ is in gal/min, and D is in. When V'
is in m/s, we have

V=Q(21.231/D% (14b)

where @ is in L/min, and D is in mm. Thus, Egs. 18a and

13b become
Ci=(109.68 ™% D + 527,80 20 D)

+(0.243 x 0.4085% x G | | CF) DY+ (15a)
Cr = (359.86 %7 D1 1731 71 P9 Dy 4
(0.2108 x 21.281¢ QW& F K C8) D72 {15hb)

Setting the first derivative equal to zero with respect
to D gives:

Cr=(0.194 % 109.68 ™% D + 0,090 + 527.80 "% Dy

(v - 2% x (0.243 x 0.4085 * x Q"™F K C#) D20 =0 (16a)

C1= (0.0076 = 359.86 &2 D (.0085 % 1731.71 **® D) + (y -29)
x (0.2108 x 21.281% x QT F K C¥) Dlv-2«-1= (16b)
Substituting these parameters gives an equation for the
optimum flow rate, Qu, for any pipe size:

Qo = (21.278 ™% D + 47 502 o0 D168

x (DPP0C #9946 (172)
Qop = (2.735 "0 D + ¢ 051 "%
D)O.’JSS % (D22W/C1382)/242.87 (17b)

Equations 17a and 17b are valid down to the flat portion
of the frietion curves. At that point, the power portion of
Eq. 15 changes:

Vinare = K < C7 (18)

K: = cost of power in the flat portion.

Using Eq. 18 and drawing from Eq. 12 for the corrected
value of friction loss, the expression for C, is as follows:

C,=0.243 Q 1.15 F K K Co=* 8 D (19a)
Cp=0.2103 § 1.15 F K K Co«*# D {19b)

Substituting Eqs. 19a and 19b into the second part of
Egs. 152 and 15b and setting the first derivative with
respect to D equal to zero, we get the following general
equations for the optimum flow rate Q.2 in the flat part
of the frietion curves:

Qoprs = (/21.278¢140 + 47 502 "™ Dy pP4Y C23%8y3.310  (20a)



10-in.

Pipe length, linear ft 500
Fifteen 90° elbows, ft 23
Knife gate valve {open)
Total equiv. #t/100 ft of pipe
Total friction loss, ft
Control valve loss,? ft

Total pumping head, ft

Power costb
Fixed costc

Total annual ¢ost

523
45.5
18.2
63.7

9,700
11,100

20,800

a40% loss. PPower cost = 0.1652 x 919 x total head.

CFixed cost is faken from Eq. 13a.

Qopur = (/2.785 "7 174 8,061 205 Iy [RH0/ (2391721908 (20b)

Figure 1 shows how Qe and Q2 look on a family of
friction loss curves.

For the best economic design flow, we should follew close
to the lines for Q. and Qs However, we should also
consider the flows which may be too small and give rise
to plugging conditions in a pipeline.

Bodenheimer (I) produced critical shear lines on typical
stock friction curves of friction loss vs. flow rate. He gives
a formula for a eritical pseudo-Reyneld’s number which
can bhe reduced to:

Reynold’s number =V D =0.139 F ¢ (21)
where
1% = velocity, ft/s
D = pipe diameter, ft
¥ = a factor for pulp type
C = oven-dry consistency, %.

Figure 1 also shows Bodenheimer’s lines for F'= 1.0 (at
Qo) and and F' = 0,80 (at Qpope2).

In the best design, the flow rate should follow just to
the right of Qo for this stock until the economic line Qg opi.¢
is reached at C = 8.5. Then it should follow close to Qon
and (s Bodenheimer’s F value varies for different types
of pulp stock.

Results

Friction loss curves are presented in Figures 2-8 for pipe

sizes of 3-14 in. For each pipe size, critical plugging
consistencies and consistencies where the stock acts like
water can be read from the curves.

In most cases, the region to the left of Vi will be used.
For cases where there is a wide range of flows in the pipe,
the size should be selected for nonplug flow at the smallest
flow rate. Then it is possible that at maximum flow will
be in the Qo region.

Conclusions

Using these equations presented, mill engineers can draw
the critical plugging velocity lines and optimum flow lines
on their set of friction loss curves, provided the parameters
for Eq. 8 are known.

Optimum pipe sizing will become more important as
power costs increase, Since plugging flows will determine
pipe size in smaller diameters and high consistencies, more
experimental work in the area of plug flow for various
pulp stocks is warranted.
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