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F.1 MICROSOFT EXCEL SOLVER FOR NON-LINEAR
EQUATIONS

The Solver is an optimization package that finds a maximum,
minimum, or specified value of a target cell by varying the values in
one or several changing cells. It uses an iterative process, beginning
with trial values of the coefficients. The value of each coefficient
is changed by a suitable increment, the new value of the function
is then calculated, and the change in the value of the function is
used to calculate improved values for each of the coefficients. The
process is repeated until the desired results are obtained. The Solver
employs the gradient methods or the simplex method to find the
optimum set of coefficients.

Constraints can be applied to the Solver using the Add button
under the heading “Subject to the Constraints”. The Solver is an
Excel Add-in, a separate software package. To save memory, it
may not automatically be opened whenever Excel is started. To
install the Solver, choose Add-Ins from the Tools menu. Then select
Solver Add-Ins from the resulting Add-Ins dialog box. Once the
Solver feature has been installed, it will remain installed unless it
is removed by reversing the above procedure.

To use the Solver to perform multiple non-linear least squares
curve fitting, the procedure is as follows:

1. Start with a worksheet containing the data (independent variable
X and the dependent variable Y, ) to be fitted.

2. Add a column containing Y, values, calculated by means of
an appropriate formula, and involving the X-values and one or
more coefficients to be varied.

3. Add a column to calculate the square of the residual
(Yypsa — Yeare) for each data point.

4. Calculate the sum of squares of the residuals.

5. Use the Solver to minimize the sum of the squares of residuals
(the target cell) by changing the coefficients of the function (the
changing cells).

Since the Solver operates by a search routine, it will find a solution
most rapidly and efficiently if the initial estimates that are provided
are close to the final values. Conversely, it may not be able to find
a solution if the initial estimates are far from the final values. To
ensure that the Solver has found a global minimum rather than a
local minimum, a solution is obtained using different sets of initial
estimates.

The least-squares regression coefficients that are returned
may be slightly different depending on the starting values being
provided. The Excel spreadsheet prog6a.xls (Figures F-1a-f) uses
the Solver to determine the outlet pressure P, of isothermal
compressible fluid flow of Example 4-9 in the Chapter 4 of
the book.

F.2 SOLVING EQUATIONS USING GOAL SEEK IN
EXCEL

Microsoft Excel provides a built-in way to perform non-linear
equations using the Goal Seek command in the Tools menu. Goal-
Seek varies the value of a selected cell (the changing cell) to

on a series of successive refinements derived from an initial guess.
For an adiabatic compressible fluid using the Excel spreadsheet
(Example 4-11.xls) in Chapter 4 of the book, the implicit adiabatic
equation in cell C53 is set to zero (Figures F-2a-f). The equation
is expressed by
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The objective is to use Goal Seek to find the value of cell B44
that makes the function (in C53) equal to zero. The accuracy of
the result depends on the magnitude of the Maximum Change
parameter, which can be adjusted by choosing the Calculation tab
in the Options command of the Tools menu. The default value
is 0.001, and adjusting the Maximum Change parameter is crit-
ical when using Goal Seek. This allows Excel to stop iterating
when the change in the result is less than the Maximum Change
parameter. Therefore, the Maximum Change parameter needs to be
adjusted to match the value of the function. For most calculations,
the Maximum Change is set to 1E-12 or 1E-15.
The steps in using Goal Seek are as follows:

(4-173)

. Select Goal Seek from the Tools menu as shown in Figure F-2a.
. Enter $C$53 in the Ser cell box.
. Put the cursor in the To value box and enter the desired value,
Zero.
4. Put the cursor in the By Changing cell box and enter $B$44 by
selecting the cell or by typing.
5. Then click on OK box.

(SIS

After a few iteration cycles the Starus dialog box Figure (F-2e) is
displayed.

If a solution is obtained, the value of the root will appear in
the cell originally containing the initial guess. The value in the
cell containing the formula will show a value that is close to zero
(or zero). This last value will appear within the Goal Seek status
dialog box.

Cell $B$44 gives the root of the function cell (B44), which
causes the target value to equal zero. The final value of the function
depends to some extent on the starting value of Ma,. The likelihood
of obtaining a converged solution will be enhanced, if the initial
guess is as close as possible to the desired root.

For problems requiring the variation of two or more parame-
ters, that is, varying the values of several cells to make the value
of another cell reach a desired value involves the use of the Solver.

The Excel spreadsheet Prog6a.xls uses the Goal Seek routine
to determine the friction factor of Colebrook—White implicit
equation as defined by

make the value of another cell (the target cell) reach a desired 1 e 2,51
value. This feature permits rapid solutions of algebraic equations F(fp)= 2 +0.8686 In 37D + (F-1)
using iterative (i.e. trial and error) root-finding techniques based o ) Re\/fo
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(a) B Microsoft Excel - Example 4-9 j
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NDEERIGE B9z -3 @or -@ Biad - -[Blz U = Bs %|FE-5-A- B
At d WS | (@ B g | veRreply with Changes... End Review... !
Al v S Example 4-9. Pressure drop for compressible fluid flow using isothermal condition by A K. Coker
A | B T E Formula Bar || E | F [ 6 [ H ] | I J K j
1 |[Example 49. PIESLIIE drop for compressible fluid flow using isothermal condition by A.K. Coker
2
| 3 |The vapar (C3, C4 and C&) from a debutanizer C1007 is cooled via an air cooller condenser E1031
| 4 |to the accumulator vessel V1008, The overhead gas line is 84.7 m and the boil up rate is 17 kg/s
| 5 |The top of the unit operates at 14.2 bara. Calculate the pressure drop along the 8" pipe
| 6 |to the air cooler condenser. Data from piping isometrics, data sheets and fluid 3-K Constants for Loss Coefficients for Valves a
| 7 |characteristics are: K il
5 | ‘K_r_uc. 14K, [D ]‘ ]
| 9 |Operating temperature, °C= 96 °C Fittings
| 10 |Fluid density, kg/m® = 35.2 kgim® Elbows Threaded, standard /D=1
| 11 |Ratio of specific heats, (Cp/Cv) = 111 900 Threaded,long radius 1D=1.5
| 12 |Kinematic viscosity, cSt= 0.2 cSt Flanged, welded, bends D=1
| 13 |Compressibility factor, 7= 0.958 D=2
| 14 |Pipe Length, m 847 m /D=4
| 15 |Operating pressure, P1= 14.2 bara /D=6
| 16 |Vapor rate= 17 kgis Mitered 1 weld, 900
117 | 1738 m'th 2 weld, 450
| 18 |Pipe internal diameter, 8-inch, Schedule 40= 2027 mm 3 weld, 300
| 19 |Pipe nominal diameter, 8-inch, Schedule 40= 203.2 mm Elbows Threaded, standard D=1
20 450 Long radius 1/D=1.5
21 |Fittings: Mumber Mitered, 1 weld 450
| 22 |900 Elbows ) Mitered, 2 weld 22.50
| 23 |Ball valve 2 [Elbows Threaded,
24 |Tee (straight Thru) 3 Close return bend /D=1
| 25 |Solution: 1800 Flanged r/D=1
126 | All D=1.5
| 27 |Dyanamic viscosity, p= 0.00000704 kg/m.s Tees Through-branch
| 28 | 0.00704 cP (as elbow
129 | Threaded 1/D=1
| 30 |Average molecular weight of C3, C4 and C5 is: 1D=1.5
| 31| Percent of vapor Flanged /D=1
32 IMalecular weinkt of (3HA = A4 kafkranl nia Stih-in-hranrh hd
W 4 b b \Example 4-9 { Sheetz [ Sheetd K f] _'IJJ

iDraw~ lg | Autoshapess N N OO 4 5 8l & | & - 2 - A-=
Ready

=
::Iii!

Hsert| | B8 COROS 1 @ || (new Fo...| uexcels...| E)append...|[Eenamp...

Figure F-1a Non-linear equation estimation using Solver from the tools menu of Microsoft Excel of Example 4.9.
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‘B) Fle Edt View Insert Format Tools Data Window Help
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NEERIG B B9z 3@ -@ i -0 -/BZUEESEES %w|EE-5-A- F
At ted M5 | (@ B g | veRreply with Changes... End Review... !
A32 v f Molecular weight of C3HE =

| A | B [ [} [ b | E | F | 6 [ H J K j
32 [Malecular weight of qEIHB = 44 kg/kmol 0.18 Stub-in-branch
| 33 |Molecular weight of CAH10 = 58 kg/kmaol 0.80 Run through threaded 1/D=1
| 34 |Molecular weight of CEH12= 72 kg/kmaol 0.02 Flanged /D=1
135 | Stub-in-branch
| 36 |Average molecular weight= 85.76 kg/kmol Walves Angle valve-450 Full line size p=1
| 37 | Angle valve-900 Full line size p=1
| 38 |Solution Globe valve Standard, beta=1
|39 | Plug valve Branch flow
| 40 |Absolute temperature, K= 35915 K Pipe Area 0.0323 m* Plug valve Straight through
41 Plug valve Three-way
| 42 |Mach Number Gas velocity 14.95 m/s (flow through;
| 43 |Gas velocity, v= 14.98 m/s Gate valve Standard, p=1
ELY Ball valve Standard, p=1
| 45 |Sonic velocity, vs= 23863 m/s Diaphragm Dam-type
| 46 | Swing check™ Vmin=35p"%
| 47 |Mach number, vivs= 0.063 Lift check™ Wmin=40p-1%
A8 |Type of fluid flow * See equation ™ Units of p are Iby/f° [Darby, Chem. Eng.,
| 49 [flow is subsonic
150 |
| 51 |Reynold Number:
|52 |
| 53 |Re= 15181975
| 54 |
| 55 |Friction Factor, f
ksl
| 57 |Pipe roughness e= 0.045 mm
| 58 |e/D 0.000222
| 59 |A= B.191E-05
| B0 | SUNM= 16.847545
|61
B2 |Chen's Friction factor, fo= 0.0035 -
4 4% wl\Example 4-9 { Sheetz f sheeta /[ 4] | _'IJJ
fon- b [agoshepess N\ NCOOH A EE S - 4-A-===adf
Ready

St B8 Z COROS 1 @ || (itew Fo...| uexcels...| E)append...|[Fenamp...

Figure F-1b—(continued).
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({2 Microsoft Excel - Example 4-9 =181 x|
File Edt View Insert Format | Tools i Data dow  Help Type aquestion forhelp  +« - & X

DEHR SR %@ Sdeek o - @ [ % »-A- B
H= R R P E-R RSy uill Exiim Changss...
AB3 M /& Darcy Fii Options::
A | B | ¥ | ER| B [ 6 T H ] | J K 3

Darcy Friction factur,lﬂ; = 0.014
| B4 |
| B5 |Loss coefiicient due to pipe
| B6 |
| B7 |K="L/ID= 5.85 3-K Constants for Loss Coefficients for Valves and Fittings
[535]
E Loss coefficient for valves and fittings using the 3-K Method: Fittings Number Km nkm K1 nK1
70 | S00ELL 5 800 4000 0.071 0.355
| 71 |Total loss coefficient KTOTAL= 5.4316 Ball valve 2 300 600 0.017 0.034
172 | Tee (st. Thru) 3 800 2400 0.14 0.42
| 73 |Outlet pressure, P2 Using Solver Method Total
74
| 75 |G/C1= 1.6656733
|76 |(G/Cpe= 2.7744676
77 |
78]
| 79 |P2= 137 bar
80
61
| 82 |F(P2)= 0.1637286
183 |
| 84 |Pressure drop, DELP
185 |
| 86 |DELP= 0.5 bar
| 67 |
| 68 |Since the process is isothermal (i.e. constant temperature, T2=T1)
89
90 |T2 359.15 K
191 |
| 92 | Density of the vapor at the exit is:
93 |

T =
W4 b M\Example 4-9  Sheetz [ Sheats /|| | LUJ

Draw~ [; | Autoshepes- N\ N\ 1O /& ol 2 (8] | & - 2 - A - zaaf
Ready

el FECE AR || oo, | escet..| Bapperd..|[Fewame.. BEEBOEE GRD e

Figure F-1c—(continued).

(d) ST

%" File Edit View Insert Format Tools Data Window Help Type aquestionforhelp + o & X

DEERIE G B9 =3 WEE e B JE=e 2 v= B % »-A- B
(|t M5 S| @ By gh | Yereply with Changes... EndReview... !
B62 - A =SQRT(D15"2-D15*B76*C71/D10)-B79
A | B | c [ b ] E [ F [ 6 [ H ] [ J K E‘

E Darcy Friction factor, fg = 0014
4 |
| B5 |Loss coefficient due to pipe
5|
| 67 |K=f"L/iD= 585 3-K Constants for Loss Coefficients for Valves and Fittings

68

| B9 |Loss coefficient for valves and fittings using the 3-K Method: Fittings Number Km nkm K1 nK1

| 70 | 900ELL 5 800 4000 0.071 0.355

| 71 |Total loss coefiicient KTOTAL= 8.4316 Ball valve 2 300 600 0.017 0.034

172 | Tee (st. Thru) 3 800 2400 0.14 0.42

| 73 |Outlet pressure, P2 Using Solver Method Total

74

75 |G/c1= 16656723 x|

% (GIC1y2= 27744676 Set Target Cell: [ ]

75 | EqualTo:  Cpac C Mg @ yaeof: [0 ose |

79 |P2= 13.7 bar i@

| 80 | [s8479 A ges |

81

82 |F (P2 R L options_ |

83 S (R |

| 84 |Pressure drop, DELP

85| _ hene_| —

86 |DELP= 0.5 bar =

| 56 | - Delete

67 2 AR [

| 88 | Since the process is isothermal (i.e. constant temperature, T2 =T1)

a9

90 |T2 359.15 K

91

| 92 |Density of the vapor at the exit is:

El

94 1T hdl
W« % vi\Example 4-9 { Sheet2 / sheeta /|4 | HJJ
- Ly [agoshepess \ N OO A EEI > L-A-===adf
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Figure F-1d—(continued).
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osoft Excel - Example 4-9

File Edt View [Insert Format Tools Data Window Help

(e) [=

DEHRS 8 B9 = 4o -@ B e s v
g tated S M5 S| (@ B ga| YoRreply with Changes... EndReview... l
AR3 v #& Darcy Friction factor, fD =
A T B [T ¢ T o T €E T F T 6 [ H ] [ J E |
B3 |Darcy Friction fattor,l'fn= 0.014
B4

ELDSS coefficient due to pipe

" Restore Original Values

Pressure drop, DELP

OK I Cancel I Save Scenario. .. | Help

DELP= 0.336 bar

66
E K=f"L/D= 5.85 3-K Constants for Loss Coefficients for Valves and Fittings

[&3:]
E Loss coefficient for valves and fittings using the 3-K Method: Fittings Number Km nkm K1 nki1
170 | S00ELL 5 800 4000 0.071 0.355
| 71 |Total loss coefficient KTOTAL= 5.4316 Ball valve 2 300 600 0.017 0.034
172 | Tee (st. Thru) 3 800 2400 0.14 0.42
| 73 |Outlet pressure, P2 Using Solver Method Total
174 |
175 |G/C1= 1.6656733
| 76 |(G/C1)y2= 2.7744676
7 4
179 |p2= 13.86373 bar Solver found a solution. All constraints and optimality
50 | conditions are satisfied, Reports
a1 | Answer =
| 82 |[F(P2)= -1E-06
| 63
| 54|

| 65

56 |

187 |

88

Since the process is isothermal {i.e. constant temperature, T2 = T1)

150 |12 359.15 K
El
| 92 |Density of the vapaor at the exit is:
93

s -
1« 4 v Wi]\Enample 4-9 { Shestz £ sheets 7 [4] | _’IJJ
EDLaw'Li‘Agtnshapes‘\\DO@‘%:FE‘&'g'A‘E ﬁiﬂ!
Ready
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Figure F-le—(continued).
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AJ4 - A
A | B [ c I E | F [ 6 [ H ] [ J K E‘

354 . 1we,
E3 : (RM)TQ
| 97 |
98 P 25.89 kg’
99 |
1100 Flow velocity at pipe exit is: Exit Mach number

101

102|v 20.33 m/s Mag 0.9492
103,
104)
105)
108
07|
108
109
110)
111y
|12)
13
14)
15|
18]
17)
18]
19)
1120,
121

122|

123

124

25 v
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Ready
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Figure F-1f—(continued).
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icrosoft Excel - Example 4-11 =& x|
File Edit View Insert Format Tools Data Window Help Typeaquestionforhelp « - @ X

(a) =

DEHRIS 8 % B9 = -3 MF w0 @ BgTimesNewRuman -2 -[B]z U e Oy A B
g fated S M5 | @ By @A YoRreply with Changes... EndReview... !
Al - % Example 4-11. Critical Flow of compressible fluid calculations by A K. Coker
A [ B T ¢ [T o T E T F T"6 [ H [ v [0 T v T L I M [ N [ o =
1 [Example 4-11. Critical Flow of compressible fluid calculations by A.K. Coker |
2
| 3 |This is based upon Kumar's [68] method (Chem. Eng Oct. 2002, p62) using thermodynarnic
| 4 |principles to determine the status of flow (2. whether choking flow exsts or not). This method
| 5 |removes the use of plots as generated in Crane Manual [3]. For an adiabatic compressible fluid
| B [fow:
g 2 o )
o | +1} M 2 24y - 1) M
(6| _ 2 (LM 3% g,y 2HOCDME e gy
g May (y+1) 2+{’y—1}Ma1 (Y+1)Ma1 b
10
| 11| 2
5 (B [0.5(y+1)Ma1] -
5 i ol B o7 4-174)
o /g 2201
4] [1+0.5(y-1)Ma} 0D
15|
K(1+
| 16 | Y« = # (4-175
17 2(K+2In[1r])
15|
19| {P -F
B W=0.126D° Y, # (4-176)
21| ’
| 22 |Notations
2|
24 |D= Internal pipe diameter, mm.
125 |K = Resistance or loss coefficient
26 L= Length of pipe, m -
I <« » »]\Example 4-11 / Kumars data / Solver-method |« | LljJ
e s Jaoshepes- N N IO A EE&-2-A-===a@
Ready
iﬂstartl” Heao0d®™m@ 1 a “ ‘SAppendlx-N...l ‘_JExcel-Pogr... | @]Aﬁpendk#...l@mmnkm |ﬁ5<ﬁ-@@ U GEE® 1257em
Figure F-2a Solving implicit adiabatic compressible fluid flow equation of Example 4-11 using Goal Seek.
(b) EEEErrey =18 x|

‘) Fle Edt View Insert Format Tools Data  Window Help Type aquestion forhelp  + - & X
NEHRI IS % B9 =40 M w00% - @ BéTimesmewnoman -2 +|B I U|E EH|S % [2E|i- - A E
2t M3 | @ By ga | Yereply with Changes... EndReview... !

A27 v S PA=
Al B [ ¢ [ b [ E | F [ 6 [ H | [ o [T w [ v [ M [ N T 03
27 [Py = IAmbient pressure, kPa abs
| 28 |Po= Stagnation upstream pressure, kPa abs
£P1= Pressure at inlet tip of the pipe, kPa abs
£P2= Pressure at outlet tip of the pipe, kPa abs
1Ma1= Mach number at inlet tip of the pipe
32 (Maz= Mach number at outlet tip of the pipe
33| ¥ Ratio of specific heat at constant pressure to specific heat at constant welume
E at upstream conditions, dimensionless
|35 |r= overall critical pressure ratio, dimensionless (P2/Py)ey
36 |Vo= Upstream specific volume, mafkg
? = Mass flow rate, kgt
El
133D 52.5/mm
|40 Py 200 kPaabs
41 Py 6600 kPaabs
[ 2[x 45
43|y 155
| 44 [May 0.12621
45 |Vo 0.01724 mfkg
45 |1 100 m
| 47 |
| 48 | Calculations
49|
EUsing Goal Seek or Solver (from the Tools menu) by setting Eq. 4-173 =0 (Le. cell C53 =0), -
W 4 b »]\Example 4-11 { Kumar's data / Solver-method [« | ;IJ_I
iDraw~ L3 | Autoshapess N\ N O A Al &3 @ @& | -2 - A - zaaf
Ready
M“ HeLo0os@@ 1 a “ Bﬂwe"dix‘le ‘_JExcel-Pogr... | @Aﬂpendﬁ*u-lﬁmimuk.“ |$$@—§@ UG EE® 1z58eM

Figure F-2b—(continued).
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©) EIE
File Edt View [Insert Format | Toals i Data Window Help Typeaquestionforhelp + - & X
:uﬁga\a\ﬁ\*g-\ Goal Seek... 100% - !:TlmesNewRoman 12 - B I U|IE=S=5$ %] - A~ !
BB R R TR ST Sedihm Changes... EndReview... l
144 p A Options...
A [ B | ¢C ¥ |F|G|HEJ|K|L|M|N|03
M |P 6600 kPaabs
45
155
0.1 | I
Vo 0.01724 mfkg
L 100 m

Calculations

Using Goal Seek or Solver (from the Tools menu) by setting Eq. 4-173 =0 (i.e. cell C53 =0),
and changing Ma in cell B44

Eq. 4-173=0 -28.766
Calculate the overall critical pressure ratio, r

r= 0.0336%

Calculate the critical Expansion Factor, Y, (dimensionless)

HREREEREREEEEREEEREEEE

Y.~ 0.67019
Test for choking flow:
P= 222.346 kPabs

4 4 » »[\Example 4-11 { Kumar'sdata £ Solver-method 14|

il

Draw'L}[nutnshapes‘\\Dogd : @l @ - e ﬁ‘ﬂ!
Ready

Beat| | 1@ S IOR@OE 1 G

|J aAppendix-N...l _Excel-Pogr... | @Appendix-F..."EMicrosoft

B BafvdED  oem

Figure F-2c—(continued).

[(e) U ES Microsoft Excel - Example 4-11 _1&] %]
@] Eile Edt View Insert Format Tools Data Window Help Type aquestion forhelp  » - & X
DEEHRI S Q) %B-9-]= -4 M0 @ !:IAFH [0 B %] - A- B

(il a0 a ™ M3 O | @ By R | veReply with Changes... End Review... !

145 Vo 0.01724 mfkg
L 100 m

Calculations

Using Goal Seek or Solver (from the Tools menu) by setting Eq. 4-173 =0 (i.e. cell C53 =0),
and changing May in cell B44

Eq. 4-173=0 354857

Y
Set cell: |$C$53 'E]
To value: |n
By changing cell:  [¢5¢44] =]

Calculate the overall critical pressure ratio, r
r= 0.13243

Calculate the critical Expansion Factor, Yo (dimensionless)

Y= 072079
Test for choking flow:
P,= 874.034 kPabs

R R EEEREEEEEEEEEEEE]

" |

Pu-Po= -674.03 kPa
M ».eExam!Ie4-ll,< Kumar's data 4 Solver-method /’ KN}
ipaw~ l |Adoshapes N\ N O E 4 @ EH| O 2- A= -guil
Paint

Ast| [ @@ O RAOB 1 @

|J anpendlx-N...l _JExcel-Pogr... | 5 Appendix-F...

[Hevmvie +. [DEGHEE S GROD  soapm

Figure F-2d—(continued).
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I, R i)
""" L] i V¢ Reply with Changes... End Review...
M43
¥ 1.55
IMay 0.1262
Vo 0.01724 kg
L 100m
Calculations
Using Goal Seek or Solver (from the Tools menu) by setting Eq. 4-173 =10 (Le. cell C53 =0),
and ct Ma in cell B44
Eq. 4-173=0 -0.000%

Goal Seek Status

Calculate the overall critical pressure

ratio, r

r= 0.04804
Calculate the critical Exp Factor, Y (di ionl
Y= 0.6795
Test for choking flow:
Po= 317.073 kPabs
Py-Pr= -117.07 kPa
Example 4-11

U]

ME7

Pu-Po=

-117.07

Tools Data Window Help

-9 -

kPa

Type aquestionforhelp + o & X

> -4 100%  Aial -0 -|BZU|IESEEHS %[EFEL-D-A !

W Reply with Changes... Review. ..

Choking flow exists

FALSE

Calculate the pressure drop

AP=P-F,

6282.927

kPa

Calculate the
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Figure F-2f—(continued).
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where

& =Relative pipe roughness, in.
D =Pipe size, in.

Jfp = Darcy friction factor

Re =number.

Re-arranging the friction factor equation in the form

F(fy) = —— +0.8686 ln{ c (F-2)

2.51

o2 3.7D+Re.fD'/2}
The worksheet (Solution-1) in Excel spreadsheet program
(Prog6a.xls) calculates the friction factor for given relative pipe
roughness, pipe size, and Reynolds number. The Excel spreadsheet
program Prog6a.xls and the Fortran program PROG6 show how the
friction factor is determined. Table F-1 shows the computer results
of a 2in. (internal diameter=2.067 in.) stainless steel pipe size
Sch 40, with pipe roughness of 0.0018in. and Reynolds number
of 184,000 (highly turbulent flow). The calculated friction factor
f =0.02063 with an initial guess of 0.015.

The worksheet (Solution-2) in Excel spreadsheet Prog6a.xls
calculates the friction factor for flow of a suspension of fibrous
particles to the Reynolds number given by an empirical equation
of the form [5]:

% = (%) In (Re\/?) + (14.0 - %)

where

(F-3)

f =friction factor
Re =Reynolds number
k =constant determined by the concentration of the suspension.
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Re-arranging Eq. (F-3) gives
11 i 5.6
F(f):]T/z—Eln(Re-f/)—M.O—i—T (F-4)
TABLE F-1 Newton-Raphson Method for a Non-Linear

Equation

Initial Guess of the root x = 0.0150

Iteration X F(x)
1 0.19423E-01 0.22078E+00
2 0.20577E-01 0.93463E-02
3 0.20630E-01 0.17983E-04

Tolerance met in three iterations
Final root x = 0.20630E—01
F(x) = 0.17983E-04
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