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The majority portion of electric power generated production allover the
world- produced by conventional and nuclear fuels is produced by steam.
Moreover, steam is used extensively in electronic, food Seawater
desalination , and many other industries. In the last fifty years, little
improvements have been made on the thermal efficiency of steam boilers.
The major developments have been earned out in the direction of
maintaining this efficiency on - low-grade fuel and reducing labor and
maintenance charges. Because the annual cost of fuel (nuclear and-non-
nuclear ) is often greater than the combined cost of other expenses in
steam power plants, greater amount of money can be saved. Designing
steam pipelines in such a way that minimizing the total annual cost of
pipes can do this. This can be done by optimal design of the total annual
cost of the pipe lines, which includes the cost of insulation material, the
cost of burned fuel plus the cost of maintenance. To deal with such
situation, a case study of a superheated main steam pipeline at Shobrah
Elkhema power plant is investigated. A general simplified working
formula for calculating the heat transfer coefficient round a tube has been
correlated and verified to facilitate the development for of the heat
transfer mathematical model together with the steam pipeline total cost
algorithm. The total cost algorithm has been optimized and solved by a
digital computer program derived specially for this study. Accordingly,
the obtained results are presented in a graphical form and analyzed. The
results revealed that the optimal steam pipeline insulation must be
chosen carefully. The insulation thickness of 5.225 up to 0.235m, covers
the operating time of 10- 20 years, and 590 Kg/m respectively.
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Abstract

The majority portion of electric power generated production allover the world -

produced by conventional and nuclear fuels is produced by steam. Moreover, steam is used

extensively in electronic, food, seawater desalination, and many other industries. In the last

fifty years, little improvements have been made on the thermal efficiency of steam boilers.

The major developments have been carried out in the direction of maintaining this efficiency

on low-grade fuel and reducing labor and maintenance charges. Because the annual cost of

fuel (nuclear and non-nuclear) is often greater than the combined cost of other expenses in

steam power plants, greater amount of money can be saved. Designing steam pipelines in

such a way that minimizing the total annual cost of pipes can do this. This can be done by

optimal design of the total annual cost of the pipe lines, which includes the cost of insulation

material, the cost of burned fuel plus the cost of maintenance. To deal with such situation, a

case study of a superheated main steam pipeline at Shobrah Elkhema power plant is

investigated. A general simplified working formula for calculating the heat transfer

coefficient round a tube has been correlated and verified to facilitate the development for of

the heat transfer mathematical model together with the steam pipeline total cost algorithm.

The total cost algorithm has been optimized and solved by a digital computer program derived

specially for this study. Accordingly, the obtained results are presented in a graphical form

and analyzed. The results revealed that the optimal steam pipeline insulation must be chosen

carefully. The insulation thickness of 0.225 up to 0.235 m, covers the operating time of 10-20

years, and fuel price of 0.125 up to more than 0.2 $/Kg. The calculated optimized insulation

thickness minimizes the emission of sulfur dioxide, nitrogen oxide and carbon dioxide from

375, 75 and 26,778 Kg/m/y to less than 7, 1.7 and 590 Kg/m .y respectively.

Introduction

The majority portion of electric power generated by conventional and nuclear fuels is

produced, al lover the world, by steam. Also steam is used extensively in many chemical

petroleum, food, water desalination and many other industries. For the last fifty years, little
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improvements have been made in the thermal efficiency of steam boilers. The major

developments have been carried out in the direction ofmaintaining this efficiency on low-

grade fuel and reducing labor and maintenance charges. The annual cost of fuel (nuclear and

non-nuclear) is often greater than combined cost of other expenses of steam power plants. So,

great amount of money can be saved by designing steam pipelines in such a way that total

annual cost of pipes, viz., cost of insulation material, cost of burned fuel and cost of

maintenance is a minimum value. So, insulation is used for one or more of the following

reasons: to conserve heat, maintain desired temperature conditions, retard changes in

temperature, prevent inside steam condensation, provide fire protection, and provide safety

from burn hazards. It is therefore essential that the system perform as designed. Thus the

performance properties, and especially the factors that affect them, is an important

consideration to economic installation, lifetime, and thermal efficiency and environment

pollution by products of combustion gases.

The variety of insulation types and forms have properties that vary over significance

ranges, and thus the uses of a material can also vary widely. The selection of insulation is

determined by considering a number of properties-related factors. The cost of insulation

material constitutes a large portion of the total cost especially for large-diameter high

temperature steam pipelines, where the insulation material price increases with its thickness.

Selecting the suitable type of insulation is also an important problem of energy conservation.

The final selection of the most suitable insulation is based on the available information with

regard to the properties relevant to the requirements. Generally, the major parameters that

determine the choice of the insulation are material cost, thermal properties, mechanical

properties, installation and cost, and lifetime.

The problem of thermal performance and cost evaluation of insulation has been

studied extensively by many investigators [1-4] for purpose of optimizing the insulation

material thickness from hot surfaces as one of the methods adopted for energy conservation.

The problem is vital when the working fluids have high temperatures and the fluid-

transmitting pipelines have long span and large bores where the heat lost is too much.

In the present study an economic balance is made between the capital charges on

pipeline insulation material which increases with the insulation thickness and between the

monetary loss of fuel in the form of heat loss which proportional inversely to the insulation

thickness and directly its thermal conductivity.
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Problem formulation

In this section, the problem of steam pipelines out from a super-heater, carrying high

superheated steam and terminated with the high-pressure turbine is studied. In this situation,

the steam degree of superheat is of prime importance. So, a steam degree of superheat

degradation is associated with any heat lost from the steam pipelines, which results in

increase in the fuel consumption. In this regard the heat losses through the insulation of the

steam pipelines can be reduced by proper insulation selection. However, as the insulation

thickness increases, the capital cost increases as well. Therefore, an optimization process must

be made for calculating the optimum insulation thickness, at which the algebraic sum of

insulation material cost and heat lost, e.g. fuel consumption cost is a minimum value. For this

purpose, a computer program (e.g. Algorithm) has been constructed specially for carrying out

the required calculations.

Steam pipelines thermal calculations

The heat lost per unit pipe length, QL, is the heat transfer through theinside steam

boundary layer (forced convection) pipe wall, insulation, and jacketing conduction, and

external air boundary layer convection-radiation. The heat flow through the pipe per unit

length neglecting the jacketing conduction can be described by the following equations (see

Fig.l):

QL=n{d-2xp)h,{T,-TM) (1)

QL=kpn{d-xp)(T2-Ti)/xp (2)

QL=kins7t{d + XiJ{T3-T2)lxins * (3)

QL = n{d + 2xtJ[ho(TA -r3) + crfc,7? - a^)] (4)

where:

TM, TI , T2 , T3 , and TA are the temperatures of flowing steam, inner and outer pipe wall,

outer insulation, and ambient respectively.

(d - 2xp), (d - xp), d, (d + Xjns) and (d + 2xjns) are the inner, mean and outer pipe diameters,

and insulation mean and outer diameters.

xp and Xjns are the pipe and insulation thickness.

kp and kins are the thermal conductivity coefficients of pipe material and insulation.

hi and ho are the inner and outer heat transfer coefficients.

For calcium silicate insulator [1 j :
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klm= 0.000000051037/2 +0.000012251 + 0.0432 (5)

where T is the average insulator temperature, 250 < T < 1000°K.

The internal heat transfer coefficient hi can be determined by Dittus-Boelter equation as:

Nu = 0.023- Re0 8-Pr^ (6)

so, *, = 0.023 • (P-«-V-2^r . (VZ ) J
k

(
d-2xp

or

For the properties of superheated steam [5], Ci for can be correlated to be:

C, = 2.03463£ + 7-120296*Tfi + 284.368• T} -0.335643• 7/j

+1.9773 5£ - 4 • 7/j + 4.65043£ - 8 • 7/j

where Tfi = (TM + T i ) / 2 and 660 > Tfl > 970 °K

When investigating the heat transfer coefficient of the outer jacketing, the air velocity,

tube diameter, and the mean film temperature determine the heat transfer mode. For Gr/Re2

» 1, the dominant heat transfer is by natural convection, and when Gr/Re2 « 1, the

. dominant heat transfer is by forced convection. For air velocity ranged between 2 to 7 m/s,

insulated or bare pipe diameter ranged between 0.2 to 0.7m, and tube outer mean film

temperature ranged between 300 to 350 °K, Gr/Re2 ratio have been calculated to be ranged

between 0.031 to 0.327. So, the heat transfer mode can be considered as forced convection

[6]. The yearly averaged air velocity in different sites of Egypt ranges between 1.94 to 7.76

m/s and in Cairo 3.72 m/s at a height of 10 m [7]. In the present study the average air velocity

is taken as 4 m/s.

The heat transfer coefficient can be determined from Churchill and Bernstien's

correlation [6] as:

\ = _J«_p,,3 + °62Repf, • (i+(-gg-yS?] (.o)rf + 2* M 2 8 2 0 ° °
In the present work the heat transfer coefficient ho has been correlated for the above

mentioned operating ranges of v, d, and T, with an accuracy of-0.9 and+1.1 W/m2.°K as

follows:



ho = 10.225 - 0.002374 • Tfo + 2.277 • v +11.406 • (d + 2xins) (11)

where Tfo is the outer mean film temperature, Tfo = (T3 + Ta) / 2, and 300 > Tfo >350 °K.

v is the ambient air velocity, 2 < v < 7 m/s.

d+2xins ,m is the insulated or bare pipe outer diameter, 0.2 <d+2xins< 0.7 .

Figs, (la, 1b, and lc) illustrate the effect of air velocity, total tube diameter, and mean tube

film temperature on the heat transfer coefficient. It is clearly noticed that as the air velocity

increases, the heat transfer coefficient increases, while decreases with the increase of the pipe

diameter. It has also a very week dependence on the mean film temperature.

The above mentioned correlation is a simplified working formula which facilitates the

solution of such problems.

Total pipeline cost algorithm

The pipeline cost algorithm can be determined by superimposing the total fuel expense

allover the insulation lifetime and the insulation cost. The fuel cost CF can be determined as

follows:

CF=-^ — (12)
1]*CV

where CfUei
 = the fuel cost $/Kg

N = the number of years of operation

t = the yearly operating time seconds

r| =the fuel burning efficiency

cv =the fuel calorific value

For calculation simplicity, the price of calcium silicate with aluminum jacketing insulation

can be taken as a first-degree correlation in insulation thickness (correlated from the data

tabulated in [1]) as:

C, =17.6033 + 1132.58 *xins (13)

where d is the insulation cost $/m

Xu,s is the insulation thickness

Therefore, the total pipeline cost algorithm, CT, can be formulated as:

t i 1 1 3 2 . 5 8 » J c t e (14)
TJ*CV
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Total pipeline cost algorithm solution

The total pipeline cost algorithm contains three parameters. These parameters are the

insulation thickness, the fuel price Cfuei, and the»operating time in years N. Meanwhile, each

case, heat losses QL should be determined. The determination of QL can be carried out

through the solution of heat transfer governing equations, which are Equations (1) to (4).

These equations contain six unknowns, namely Ti, T2, T3, QL, hi, and ho for each parameter

(x;ns, CF, and d ) . The last two unknowns hi and ho are fluid parameters which can be

correlated to temperature functions in Tn(or Ti), and TfO(or T3 ) respectively, as correlated in

Equations (6) to (11). Actually a set of transcendental equations should be solved for the heat

losses QL at the different operating parameters. So, a computer program has been constructed

to solve this problem. The flow chart of this program is illustrated in Fig. (2). Fig. (2) is the

flowchart of the total cost algorithm solution.

Case s tudy

The after mentioned relations have been applied to the main steam pipe in Shoubrah

Elkheima power plant [8]. This pipe traisports steam from the steam generator super-heater

outlet header to the high-pressure turbine. The plant data is:

Design pressure 186.3 bar.

Design temperature 819 °K.

Maximum steam velocity 48.45 m/s.

Steam mass flow rate 270 Kg/s.

Main steams pipe diameter (inner) 0.3556 m.

Main steams pipe height " 10-20 m.

External pipe surface is lagged with calcium silicate shells with exterior finishing is

accomplished by 5/10 gauge aluminum. The external wall surface temperatures does not

exceed 60 °C.

The rest of data are calculated and assumed to be as follows:

Operating time in surrounding as in summer 5000 hr.

Operating time in surrounding as in winter 3000 hr.

Summer average airs temperature 303 °K.

Winter average airs temperature 283 °K.

Yearly average airs temperature 295.5 °K.

Mean steam temperatures in pipe 813 °K.
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Fig.(2) Flowchart of total cost

Algorithm solution.

ho=> eqn 11
QL=> eqn 4

Tir> eqn 2
T2 => eqn 3
hi=> eqn 8
Qi => eqn 1

Print

T1.T2.T3, hi, h0.QL.A2

For
cFllei=0.1 To 0.2 Step 0.025

For
N=5 To 25 Step 2.5 «—•- - :

Print
N, Cfuel, CF, CI, CT

NextN

Next Cfuel

NextXi,
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Average air velocity 4 m/s.

Pipe outer diameter 0.46 m.

Pipe wall thickness 0.052 m.

Pipe material thermal conductivity 34.2 W/m. °K.

Insulation material thermal conductivity 0.067 W/m. °K.

Jacketing emissivity 0.216

Jacketing absorptivity 0.09

Oil fuel calorific value 41 MJ/Kg.

Burning efficiency 85 %.

Basic fuel price 0.15 $/Kg.

Operating years 20 y.

Thermal plant efficiency 33.33 %

Applying these data and substituting into the above mentioned equations and solving

for T3) QL, Tt and T2, for different parameters, and correlating the heat losses QL as a function

in the insulation thickness results in:

OL = 104.764 •x£mm W/m (15)

where 0.4 >xins > 0.013 m.

Substituting for QL in Equation (14) using the above mentioned data, one can get the

following equation:

CT = 17.6033 + 1132.58• x;m + 86.576849• x£mm •N*cfuel (16)

Differentiating the total fuel cost with respect to insulation thickness, one can get the first and

second derivatives as:

- = 1132.52-65.919526• x ' m m *N»c,, (17)

.111. C • ^ • c , ( > 0 , (18)
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From Equation (18), one can note that the total cost has a minimum value which can be

determined by equating the first total cost derivative in Equation (17) to zero to get the

optimized insulation thickness as:

ZZL = 0 => xin's = (0.0582061 • N • c r )05677305

dx..
0 => xin's = (0.0582061 • N • c r .)05677305 (19)

Environmental aspects

From the former sections, the relationship between the heat loss as a function of

insulation thickness of the pipeline has been determined by Equation (15). As the pipeline

insulation thickness increases, the heat lost per unit surface area decreases and/or the energy

preserved increases. In other words the associated exhaust gases of the burnable fuel

decreased. These exhaust gases are the mains responsible for the local and global

environmental degradation. The exhaust gases comprise sulfur dioxide, nitrogen oxides, and

carbon dioxide, which are the main environment pollutants, in which sulfur dioxide

contributes the acid rain, nitrogen oxides contribute smog, and carbon dioxide contributes

global worming. In this regard, it is of considerable importance to mention that the

environmental pollution and economic damage caused by conventional power plants are

much greater than that caused by nuclear power plants. Based on the data of Gonyeau [9],

pipeline heat losses per unit length at different pipeline insulation thickness has been

calculated and illustrated in Fig (3). Fig (3a), (3b), and (3c) illustrate the effect of insulation

thickness on the sulfur dioxide, nitrogen oxide, and carbon dioxide respectively.

As shown in these figures the concerned gas concentrations are dramatically decreased as the

pipeline insulation thickness increased up to value of about 20 mm, then slightly decreased

with a diminished rate. This result is applicable for all fuel types.

Results and discussion

In the present case study, the cost of insulation material constitutes a large portion of

the total cost especially for large-diameter high temperature steam pipelines, where the

insulation material price increases with its thickness.

Fig. (4) illustrates the effect of insulation thickness of pipeline on the total operating

cost of pipeline at the fuel price of 0.125 $/Kg.
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Fig.(4a) illustrates the effect of insulation thickness of pipeline for different operating times

on the total cost per unit length. While Fig.(4b) depicts the optimal insulation thickness of the

pipeline for different operating times. It is obviously noted that the total cost decreases

dramatically with the increase of the insulation thickness down to a minimal value afterwards

it slightly increases with further increase of the insulation thickness. This may be attributed to

the increase in insulation thickness, which in turn increases the saving in energy losses

through the pipe boundary, where a further increase in thickness does not increase the saved

energy appreciably, meanwhile there is an increase in the insulation cost. Also the total cost

increases as the operating times increase. This relation is valid allover the operating times

which ranged from 5 up to 20 years. Consequently the optimal insulation thickness increases

with the increase of the operating time. The relation of the operating time effect on the total

cost has been studied at a certain fuel price. So, the effect of fuel price and insulation

thickness of pipeline on the total cost unit length is studied.

Fig. (5) illustrate the effect of pipeline insulation thickness at different fuel prices on

the total cost per unite length, and its minimum values with the fuel price, at a period of

operation, of 10 years. As shown in Fig. (5a) the total cost decreases dramatically as the

pipeline insulation thickness increases, until a minimal value. Beyond this value, the total cost

increases again. This may be attributed to the increase of the insulation cost, which is greater

than the saving in the energy cost by the increased insulation. Fig. (5b) depicts the

relationship between the optimal insulation thickness and fuel price. It can be seen that as the

fuel price increases, the optimal pipeline insulation thickness increases for all fuel prices.

From Figs.(4a) and (5a) it can be shown that the pipeline optimal insulation thickness ranged

between 0.225 up to 0.325 m, which covers the operating time of 10 to 20 years, and fuel

price of 0.125 up to more than 0.2 $/Kg. Meanwhile, it confirms the proposal of low

environmental pollution requirements as illustrated in Fig. (3).

The important conclusion, which can be deduced, is that optimal insulation thickness

depends strongly on the expected lifetime of the pipeline insulation material. Accordingly it is

recommended to estimate priory the virtual lifetime of the pipeline insulation and calculate

the corresponding optimal insulation thickness which produces minimal cost, otherwise

additional cost is deserved. For example, if the virtual lifetime, corresponding to an optimal

thickness, were 10 years, the total cost will increase due to the increased heat lost and the

deterioration of the insulation characteristics. So, it can be concluded and recommended the

following:
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1- \wnen the calculated minimum value of the insulation thickness lies between two standard

insulated thickness, it is recommended to chose the larger value and not the smaller for two

arguments:

-The larger thickness produces total cost less than that produced when choosing the

smaller thickness because the cost gradient before the optimum value is too steeper than that

after the optimal one.

-Since the increased thermal conductivity due to humidity, thermal and mechanical

characteristics of the insulation material is generally apt to deterioration with time of

operation. Moreover, due to environmental changes, the insulation of a larger thickness is

capable to compensate for some extent the expected insulation deterioration. Meanwhile, it

decreases the heat lost and the burned fuel as well, and consequently the environment

pollutants decrease.

2- the insulation material must be chosen and maintained periodically and carefully.

3-lthe insulation thickness has a characterized effect on the atmosphere pollution and an

important impact on the environment.

Nomenclature
c,
Cfue!

CF

Cp

CT.

cv

d

Gr

h

k

Nu

Pr

QL

Re

constant in Equation (8)

fuel cost, $/Kg

fixed cost, $

initial cost, $

specific heat, J/Kg. °K

total cost, $

fuel calorific value, J/Kg

outer pipe diameter, m

Grashoff number

heat transfer coefficient, W/m2. °K

thermal conductivity, W/m. °K

Nusselt number

Prandtl number

heat loss, W

Reynold number
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T

t

u

V

Greek

a

e

n

p

a

Temperature, °K

time, s

steam velocity, m/s

air velocity, m/s

insulation thickness, m

jacket absorptivity

jacket emissivity

burning efficiency

dynamic viscosity, Kg/m.s

density, Kg/m3

Stefan-Boltzmann constant, W/m 2.° K4

subscripts

1

2

3

A

fi

fo

I

Ins

M

0

P

s

inner pipe wall

outer pipe wall

outer insulation surface

air

inner film

outer film

inner, initial

insulation

mean

outer

pipe

steam
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