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Preface

The IEA was established in 1974 within the
framewaork of the OECD 10 implemeni an
International Energy Programme. A basic
aim of the IEA is 10 foster co-operation
amang the 2§ IEA participating countrics
b imcrease enerey security through energy
conservation, development of alierative
energy sources and energy research, devel-
opment and demonstration {RD& D),

As on element of the International Energy
Programme, the participating countries
indertike co-operalive activities In energy
R,

Districy heatng 15 seen by e [EA as a
means by which countries may reduce their
dependence on oil and improve ther en-
ergy efficiency. It involves the incneased
wse of indigenous or abundant fuels, the
utilisation of waste energy and combined
heat and power production.

With the sume objectives district cooling s
gaining increased acceptance. The positive
environmental efiects of improved energy
efficiency will give an additional and very
siroag impolse i ncnease distnct heating
and district cooling activities.

1EA s programme of Research, Develop-
ment and Demonstration on distnict heating
was established in 1983 at a meetmg in
Stockholm. In the first phase (Annex 1) 10
countnes fook part in the programme: Bel-
gm, Canada, Denmark, Germany, Fin-
land, ltaly, The Netherlands, Nonway,
Sweden and the USA, Later Annexes 11, 1
and IV were prepared.

This project has been worked oil under
Annex Voand % countries have participated:
Canada, Denmark. Finland, Germany, Re-
public of Korea, The Metherlands, Norway,
Sweden and United Kingdom.

The annexs. in question comprises the fol-
lowing technical arcas:

= Lost effective distnict heatmg networks

- Chptimal operation. operational avail-
ability and mantenance in district
heating systems

— Owptimisation of district heating operat-
ing temperatures and appraisal of the
benefits of low temperature district
heating

= [stesct beating and cooling i fuire
buildings

= Combined heating and cooling, balanc-
ing the production and demand in CHP

~ Fatigue analysis of district heating sys-
fems

= Handbook on plastic pipe systems

NOVEM, Metherlands Agency for Energy
and the Environment his been acting as the

operating agent for Annex ¥

Gieneral informotion on the

IEA District Heating Project will be given
by

T1EA Secretannt

Mr. Hans Milsson

B Rue de la Federation

F-75775% Paris Cedex |5

France

Tel: +33«1- 40576785
Fax: +=313-1- 40576750
ar

Movem, Netherlands Agency for Energy
andd the Environmieni

Mr. Frank van Bussel

PO Box 17

ML-6130 AA Sitard

The Metherlands

+3 1 -6-4202202
+11-46-4528260

Tel:
Fax:
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1.Summary and Conclusion
Mnis project is divided in iwo parts:

. A pracical pant with rempernture
mEsUREents

2. A theoretical pant dealing with design
model and caleulations.

Fractical part

T'he practical part is & continuation of 1
project under 1EA District Heating and
Cooling. Annex IV: Temperature Varia-
tons i Preinsulated DH Pipes, Low Cyele
Fatigue [2]. In this repont temperature
variations were measured at 17 district
heating sites in Denmark, Germany, Korea,
The Netherkinds and Sweden.

For the present Annex ¥V project the mcas-
urements were made by the korean District
Heating Corporation with the equipment
used in the Annex 1V project (4 units) ot
locations chosen by the Korean District
Heating Corporstion. The measurements at
the four new locations lasted for one full
VEAT.

The data was sormed by the rain-low
method and matrixes of lemperature varia-
tson and graphs are produced in accondince
with the data processing done in the Annex

IV project.

The data processing was done by Lund's
Institute of Technology, Sweden,

Theoretical part

Thve discussion in the theoretical por s
mainly based on the design model in a drafi
European standard [ || prepared by joint
working group WG under
CENTCIONTCI6T. This standard vses the
hot-spod methed for low eyele fatigue
analysis.

Based on this method o lnmited mumber of
details of premnsulated bonded pipe systems
are analysed. The demils include:

& O L-benils

®  Consumers connections, where the tee
piece 15 the critical pan

#  Pevel welds (small changes of direction
o 37)

Background

The development of preinsuliied pipe sys-
tems for district heating has for quite some
time been characterised by simplification
of laying methads, thus emploving cobd-
laying or pre-stressed svstems instead of
using expansion facilities like compensa-
tors and L-bends, giving move robust and
cost-¢ffective systems.

The simplified laving methods on the otber
hand give fise 1o higher stress and strain in
ihe system, and therefore calculation meth-
ods have been developed in order that the
fitll potential of the svstems can be utilised.
This development has, g, tnken place ina
technical commiftee, TC 107 under the
Evropeasn Standardization Organsation,
CEM. The result. a Drafi Standard for the
Design and Installation of Premsutated
Bonded Pipes for District Heating, is pres-
ently heing prepared for enguiry [1].

When the stress range 15 larger than twice
the vield stress, the system is said 1o be in
the low cyvele fiatigue range. When design-
ing according to the draft standard. it is
clear that the most important limirn state for
premsulated bonded pipes is low eyvcle fa-
tigue. [n this limit state, the temperature
variations are the most decisive sction,

(in this background, the measuring project
in Annex IV was implemented with the
purpose to register the number of em-
peratire variions (af 17 siles). In this
project e measurng progrum was ox-
tended with 4 pew sites in Korea. Further-
more, this project deals wath the whole
concept for calculation in the low cyele
fatigue range 1o give a general view of the
method and to give examples for fatigue
analysis



Hesulis, pracucal par

In this praject lempemiune measuremerits
were made on 4 points mmbered 18 10 21
i cantinuation of the |7 ponts in Annex
1%, Posnr 19 15 0 commercel buslding wah
district cooling. the other sites are blocks
with aparments as follows:

o MNumber |8; 208 apartments
o MNumber 2(; 208 apartments
» Number 21; 690 apartments

All measuring points are placed in subsia-
s e the primary side, which means on
the district heating sidhe of the installation
and on top and underside of the pipes.

The temperatune variathons are transformed
1o full temperatune cviches with a full 1em-
perature vanation at AT, = 110°C. The
results for the 4 sites are shown in enclo-
sure 5K 1810 21,

The resubts For poat 19 and 21 are m the
same range as the results m Annex |V
while the results for point |8 and 20 for the
returm pipe gives much higher values than
have been seen m Amnex 1V, The maxi-
minm value in Annes 1Y was abou 400
cveles for b= 4 (b is the slope of the Sh-
curve) for the return pipes by the con-
sumer. For pomt 18 and 20 the corre-
spomding values are about 730 eyvcles.

A new tnble for all the results in Anmexes
IV and V' has been worked out, see 1able
1.1, There are no changes for production
(main pipes). while all the new figures are
fouind at conswmers. The values from An-
nex 1Y can be seen in table 3.1,

All the values for b= 4 are plotted in ¢n-
closures | A, B and © with the limit values
recommended n the draft Eoropean stan-
dard [1].

Supply
FProduction Min Average Wax
b=3 17 136 385
EY 4 42 102
b=5 i 1] a7
Raturm
Froduction Hin er.ﬂu-_ Max
b=l 2 T 14
b=4 0 1 1
hu5 1] (1] 1
Supply
Congurnér | Min__| Average | Mas
b=3 7 130 578
b=4 Fi 51 208
b=h 1 24 167
Returm
Consumer Bltin. Average | Max
bw 3 30 7HE 2828
bh=4 4 207 T8
b= 1 (] 233
Table 1.1 Numbers of full temperatire

eveles for AT, = 110°C and
k=13, 4 and 5 based on results
in this project and in the proj-
ect i Annex 1V 2]

By analysing the results from measuring on
top and bottom of the pipes, it can be con-
cluded, that there are only small differences
on the supply pipe. On the refum pipe there
are differences. which go up 1o 25°C with
some single values of 40°C, Especially one
consumer has big differences in the sum-
merime. The differences mean very little
for the fatigue analyses, but the differences
may have effect on temperature measuring
i comnection with operstion and energy
MEasuring sysiems.

The commercial bullding with district
cooling has an average number of tem-
perature cycles, but the level for the returm
temperature is in the range from 60°C to
100°C with an average of about B0°C. This
level is 10-207C higher than the other ¢on-
EUTETS:



Results theoretical part

lns this project there has been developed a
proposal for “design lines”™ for the tem-
perature historic. The lines are shown in
figire 7.2 ta 7.5, The farmiilas for the
curves are as follows;

o Forall supply pipes and retum pipes

production:
1Y
=20 —
l'if-l _I

o For return pipes al consumers:

_2a0n| L]

gt b
wihere
iy 1 b of cyeles durmg 30 vears for
af=1.23, 3. "C.
iy (AT = 1) means all cyeles
for D<= ATs I°C
s (AT = 2} means all cveles
for 1%C < AT = 220
el

Example:

For AT, = 307C the formula for consumer
returm pipes gives m, = 366, This means
that over 30 vears 366 lempersiure varia-

thons can be expected in the range from 50.

S1°C. 11 the formula for supply pipes is
used, we get 77 expected temperature
variptions insesd.

Conclusions, design model
A conservalive eonclusion based dn the
results of the present project would be.

1. The present design method as sug-
gested by the draft European standard
[1] i= maimained:
= The Palmgren-Miner rule applies.
-~ Thie number of full temperature cy-
cles, AL is caleulated from tem-
perature listory preswming o 5N.
curve and a refermee temperature,
AT ns
= The stress varialions are propor-

tional to the temperature vanalons.

da=¢ AT

= Yo Mises or Tresea for mult-nxml

stresa'strain stile

[ ¥ ]

Same SN=gurve is used for lifetime

estimation,
Further improvement of design meth-
isds must be based on fracture me-
chanics and stress history.
Fatigue life must be charactensed by
temperture lnstory, nol by full tem-
perature cyvcles,
Small temperature cveles eg. Al <
40°C can be ignored.
Modelling of pipe-soil interaction mist
be improved, specially p-v diagrams in
areas with romd surface.
Stress intensification factors should be
based on "hol-spol™ stresses. § should
be investigated if the difference be-
tween “hol-spot” siresses and the “ex-
perimental™ method (Markl | 14-17])
applies 10 other components than
bends.
The calculation examples might sug-
gost that a higher SN-curve could be
applied for un-welded matenial. How-
ever, insufficient modelling of soil re-
actions, the transformation from muli-
axial stress state o reference stress and
the lack of reduction factor for ¢lectro.
chemical environmenial sctions ind-
care that the designer should be can-
thous applyving a higher limit
Concerning multi-axial stress-straim
state:
A Tlmt™ SN=curve (h = 4) s more
likely to represent the true conditions
rather than a “steep™ SN-curve (b = 3)

Alternative eonclusion
The uncertainties in the present design
methods are large concerning.

£ 4

Actions (temperature history and pev
dingrams)

Modelling. see chapter 8 and 9

Siress concentration factors

Choice of SM-curves including the ef-
fect of electro-chemical environment,

Aliernative design approaches could be:

Temperature vamatsods mus be momitored
(specially at the consumers) and controlled
at & low level (Vg < 771 I Ny is chosen



suffickently low, low eyvele fatigue design
will be unnecessary, This approach will be
possible in systems equipped with “intelli-
gent” heat meters presently under devel-
opment.

Ur

FOr T < €. 90FC design is donw ac-
cording to company standards and low cy-
cle fatigue design is unnecessary

For T > e 90°C cavitics are cstab-
fished m all expansions and all tees are
chosen necording o DIN 2615 Reihe 4,
With this approach it might also be possi-
ble to develop standardised solutions
arder that low cyvele fatigue design be-
ECHTIES I.I.I'II'I-EEEEIT}'

Uiy

For Tawue < eg. 120°C and preheating de-
sign is done according to company stan-
dards. Stress reducing measures miust be
taken for bends and tees.

I is presupposed that the above mentioned
company standards are developed in accor-
dance with the European standard [1] or
other generally recognised methodology
fisr piping systems taking the large axial
forces in preinsulated pipes into account.

Caleulation examples

Int the report calculations are made on
bends. tees and bevel welds. The ecaleula-
tions are based on the draft European stan-
dard [1].

The caleulations in chapler B show' that
muodelling with beam-element programmes
with bi-linear soil springs is very sensitive
o the placing of the springs.

A number of stress reducing measures have
been examined. 10 is well known that in-
creasing the bend radius reduces the
stresses and thus imereases the fanigue life
Increasing the wall thickness of the beqd
gives a moderale increase of the fatigue life
in SO Cases

I'he maost consistent way 1o increase the
fatigue life for bends is 1o increase the
flexibility locally by creating cavities.
Foam cushions can also be used, but they
have their own limitaiation (see clouse 7.4,
Bends),

The results for bends are shown in enclo-
sure 3A.

The calculstions in chapler ¥ concerns tee
ot branch connection 1o consumers.

Again it 15 shown that minor changes in the
modelling give large vanstions in the re-
stifts.

The caleulations of tees show that choosing
right type of a tee can give a considerable
increase in fatigue life. very high numbers
of eveles, For example an extruded ree
DN200/DNED with standard pipe wall
thickness and a axial stress 150 N/mm’ in
the main pipe can only allow 58 load cv-
cles. I instead a DIN 2605 Teil 1, Reihe 4
weld-im tee is chosen, the eyvcles will be
increased o T469 (A5 = 1 10°C, h=4)

The caleulations confirm that problems
with the fatigue life of 1ees always can be
handled by increasing the wall thickness.

The calculations for tees are shiown m en-
closure 84 and [,

The calculations on bevel welds in chapter
10 show that there are no fatigue problems
with respect 1o the calculations in the re-
port, But bevel welds can give problems
with buckling by cold laid svstems where
the second order effects (local buckling)
can be a decisive action.

Further studies

|. At measuring sites R12, R18 and R20
fatigue failures have been recorded.
However. none of these sites have had a
life time of 30 vears in spite of the fact
that the number of full remperature ¢yv-
cles have been caleulated to be in range
normally assaomed by design. For these
sites it maght be interesting to establish
the actual stress history,
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Alternatively it could be consicdered il
the rather large number of tempernture
eyveles can have caused micro cracking,
which due 10 the electro-chemical envi-
ronment (the pH-value of the water),
causes stress crack corrosion (SCC)
earlier than expected by the usual de-
sign approach.

Calculating the reference stress of a
multi-axial stress state by using von
Mises or Tresea vield eriterions. The
possible error thus introdeced might ex-
plmin the difference in the SN-curves
used and the lower expenmental curve
established by Mark] [14-17]

. Improved modelling of the pipe-soil

interaction under rosd surfpces and de-
velopment of a methodology applicable
for practical use.

. The present study deals mainly with the

litetime of the steel pipes. However. in-
creased stress levels in the steel will
also give increased stresses in the PUR-
foam. The limit state for compression
and shear stresses in the PFLIR-foam are
insufficsently well known and should be
claborated further,

. There are stll some uncerinintics con-

cerning stress concentration factors
muainly due to the difference between
stress concentration factors based "hot-
spol stresses” and foctors based experi-

ments. However, the way the stress
concentration factors are applicd when
modelling the pipe svstems can give
karge differences, For example the two
methods for calculating stresses in the
draft European standard | 1] give much
different results

. The calculations in chapter 8 and 9 have

confirmed what often hins been observed
when making comparative studies with
different eédp-programmes: Beam-
element programmes with clastic-plastic
s0il SPOnEs ane very sensitive toeven
small changes in the model. Minor
changes in the modelling can give large
differences in the calculated Iifetime. It
would therefore be sumable i mmmum
requirements for modelling were set up.

. Further assessment of the influence of

the electro-chemical environment on the
fatigue life of premsulated district
heating pipes. In principle this could be
done by making fatigue tests on relevani
stoel qualities embedded in hot district
heatmg water. Especaally i should be
examined what influence the pH-value
has. Only very limited rescarch has
been done in this field because the ef-
fect of cormosion on low cyele fatigue
erncking cannot be accelerated.



2.Introduction

2.1 Background

Codes for piping svstems under pressure
narmally presumes that the force controlled
actions (e.g. pressure and selfweight) are
the decisive actions. However, for districy
heating pipes it is normally the deformation
controlled sctions (stresses induced by

tem periture variations in the low evele
fapgue ranged, which are decisive,

The number of cyeles used in the fatigue
analysis were analvsed based on measure-
ments in the |EA project in Annex 1Y:
Temperature Variation in Preinsulated DH
Pipes, Low Cycle Fatigue, see reference [2]
and chapter 3, Previous Work.

However. this project raised & number of
questions concerning the methodology
wsed in fatigue analysis in the low cycle
range. These questions ore addressed in this
project.

Furthermore this project s based on design
methods given in the drafl European stan-
dard [1].

Purpose of the project:
The purpose of the project is:

I To make additional measurements of
temperalure variations on Korean dis-
trict heating svetems, and to process and
analyse these data acconding to the
processing done in the Annex IV proj-
ect: Temperature Varintions in DH
Systems [2].

i

. To assess coherent values for fntigue
curve stress intensification fctors and
number of full equivalent load eyeles,
and 1o establish wser-friendly design
data for fatigue analvses with the hot-
spot method for Preinsulated DH svs-

Tems,

Introduction
Traditionally Tatigue analyses for DH sys-
tems are based on fialkgue curves and stress

mtensification lactors developed by Markl
i LISA in the mid Gifthes [14, 15, 16, 17).
These resiilis come from test on large
specimens (bends and tees), and they were
made on steel types, which are not used
any more. The results have been used ina
large number of codes for piping design:

o ANGI B3L1, Power Piping (USA)

o The Stoomweren Rules (The Nether-
lands)

*  Rocledningsnormer ( Sweden), eic

The most recent development is that the so-
called hot-spot method is used for intigue
analysis in contrary to the above-mentioned
experimental method. The major reasons
for this are that it now is possible 1o caleu-
late or measure hot-spot stresses e.g. by
FEM-analysis on compuiers or by meas-
urement with straim gaupes. Experiments
on full size specimens are only used 10
verify the resules reached by hot-spat
analysis, because fatigue experiments are
very expensive, and it is therefore not pos-
sible to cover all situations, which will o<-
cur in practical design.

The hot-spot method |s used in:

o (OMf-shore design

* Eworocode 3, Design of steel stroctures

= The first deaft from CENTTC267, In-
dustrial piping

o The first draft from CENTC54, Pres-
sure Vessels

* Danish code of practice for DH disini-
bution svstems, 5448 [R)

In the draft European standard [ 1] only the
host-spot methed is used

The results of the IEA. Annex [V project
Temperature Variations in [DH Systems [2]
have shown that the largest numbers of

cveles ane found i ConsSumers connections.
Hoswever, the maximum nombser of full




load cveles are found i the retum lines and
1ot in the supply line.

Also this project have lead 1o the realisa-
tion, that the number of full load cyeles
ithe decisive figure in fatigue analvsis) is
nod “a fixed figure” for a given system. The
figure is not a characteristic of the system,
because the conversion from the real meas-
ured data to the number of full action cy-
cles depend on the shape of the fanigue
curve used in the fatigue analysis (the slope
constant &) and the arbitrary chosen refer-
enge temperature, AT, This means thst
the number of full action cveles depend on
materinl properties, which is unusual for an
action,

The conclusion from the project in annex
IV was:

When making Fatigue analysis in DH sys-
tems it is crucial that the choice of

fatigue curve

® siress intensification fctors
number of equivalent full load cveles
{for a given AT,

belong together

This statement makes an assumption for
this project, which deals with all clements
in fatigue design (load, fatigue curve, stress
factors)

2.2 Praject Proposal
The project is divided in two pars:

I. A praciical part with iemperaiure megas-
uremenis,

2. A theoretical part dealing with design
micsdel nind calculations

Practical part

Measurements have been made by the Ko-
rean District Heating Corp, with the
eiquipment used inthe Annex 1Y project (4
units} at locations chosen by the Korean
District Heating Corporation. The tem-

peratures have been measured for one vear

The data is sorted by the min-flow method
and matrixes of lemperatuce vanaton and
graphs are produced in accordance with the
data processing done in the Annex [V proj-
cch.

The data processing is done by Lunds
Technical University, Sweden,

Theoretical part

The theoretical pant is based on the design
model in the draft European standard [ 1],
which is bazed on the hot-spot method.

Based on this method a limited number of
details of preinsulated bounded pipe sys-
tems are analysed, The details include:

® 907 L-bends, chapter 8

*  Consumers connechion, whene the tee
piece i the critical pan, chapter 9

«  Bevel welds (small changes of direction
up to 37), chapter 10,



3.Previous Works

Concerning previous work the results
from the 1EA report, Temperature Varia-
tions in Preinsulated DH Pipes. Low Cyele
Fatigoe, [2] are reporied below, For ather
works please confer to the references in
chapter 12 and the description in Annex 1V
report [2].

From the conclusion of the above men-
noned |EA report, 2], following can be
crted: A summary of the calculated number
of full temperature cveles is given i the
table 3.1 below for the reference tempera-
ture AT,y = 110°C. The factor & is the slope
constant of the fabguwe curve i a double

logarithmic diagram
Supply
Production | Min_ | Average | Max
=3 17 136 365
L= & A 42 102
LS 1 18 ar
FHabum
Producton i A-.-uqe- Max
h=3 : T 14
bh=4 1 1
bh=5 0 i} 1
Supgly
Consusmer Wi, Average Max
h=3 ¥ 128 518
h=4 s 55 08
hE5 1 a1 a7
Ratum
Coonsumer Min. Avarage Max
[ L a5 425 1350
bh=d & 111 a7
h=5 1 iy 157
Table 3.1 Number of full temperature
cveles for AT = 1107C and
B=3,4and 5.

It shall be noticed thar the highest values
ire at the conspmers return pipe and the
synblest ot the returm pipe at the production
sites. The difference is significant.

The largest values of full temperature cy-
cles caleulated for & = 3 are within the
range specified n the guideling in the
Danish code of practice for DH pipes (8]
which specify a SM-curve with = 3,

These valves in DYS448 ane;

e (00 - 250 full temperature cycles for
lnrge main pipelines

o 250 - 500 full temperature cycles for
ordinary distribution pipelines

e 500 - 2500 full temperature cyveles for
house service connections

The same recommendations are used i the
draft Evropean Standard for design and
imstallation of preinsulated bonded pipes
for district heating [1], though the lower
limit for house service connection are set al
1000 imstead of 500,

Lower figures should only be used, if the
designer has a firm knowledge of the tem-
perature history to which the system in
question will be subject. Even if such
knowledge is available conservatism is
advisable, because there might be suspicion
that the expectalions of the operating per-
sonnel are not in accerdance with the reali-
ties. Furnhermore it is important 1o be
aware of systems with imegular operationnl
conditions and future changes in opera-
tional conditions,

The information on where the largest num-
ber of full eyeles occur should cause mone
attention to details like the fatigue life of
branch connections at consumers, espe-

cially the tee where the branch is conmecied
1o the main pipe.

The operating personnel should usc the
results to evaluate the mode of operation
and especially the impacts on the DH svs-
fem from the consumers. Some lemperature
wariations are doe 1o energy saving meas-
ures and the systems should of course be
designed 1o withsiand these varintions.
However, many of the lemperature curves




mre than indicate that many of the lrge
temperature vanations occur due to inex-
pedient mstrumentation or over-51zed con-
trol valves af the consumers. thus causing
an unnecessary wear of the svstem.

Finally, iw must be mentioned that although
the Palmgren-Miner cumulative damage
rule is a generally accepted theory for fa-
tigie analysis. There @5 o strong sespicion,
that a temperature history with few lnrge
temperature eveles is more larmful thim a
temperature history with many small
varitions, which give the same number of
full lemperature cveles

This is especially true for preinsulated
bonded pipes. IT for example a change of
direction s designed with foaom cushions in
rder 1o absorb the expansion of e g.

AT = 1107C, it 15 more o bess evident that
the construction detanl better can absorb a
large number of small temperature varia-
tions than a limited number of very ig
virriations.

When the Annex IV project onginally was
planned it was expected that processing of
ihe tem peraiure measurements would give
tigures for full tempernture eycles. which,
without any further consideration, could be
wsed as a design basis when designing
bends, tees and other district heating com-
ponents in the low cvele fatigue range.

However, even though the project has
added considerably to the knowledge of
temperature varations it has not given the
final answer, but raized a number of new
fuestions.

The most important question is the choice
oof et stane for low evcle fatigue, the 5N-
curve, It is very important thiv the same
SM-curve 15 used for caloulation of the
number of full temperature cycles and as
limit state for the fatigue analysis, but
which curve s most relevant for buried
preinsnlated pipes. &= 3, 4 or 57

The second question is the conversion mito
full iemperatere eveles. From many of e

temiperature spectm it is seen that very
many of the temperature cycles must be in
the high cvele fatigue range and it might
therefore not be correct to convert them
i few evieles in the low evele fatgue

rnge.

A third question is the assumption that the
stress differences are proportional to the
temperature differences,

From the conclusion can also be noted, th

& The mumber of full temperature cyveles
depends on b,

# The large peaks have the greatest influ-

ence (especially for b = 5j,

The small peaks bave greater influence

for b=3

Diraft European Standard
In the draft European standard [ 1] follow.
ing recommendation 15 given:

The number of full action chosen must not
be lower than the number of equivalent full
action cyveles stated in table 3.2

Main pipelines 100
Distribution pipalines 250
Serice conpachiong 1000

Table 3.2 Equivalent full action cycles

In the draft standard an SN-curve with

# =4 is given. This means that the values
im tnhle 3.2 refer o an SM-curve with b =4,
This agnin means that the values in tahle
3.2 cannet dirccthy be compared winh the
wilues in the Danish code of practice as it
refers o an SN-curve with &= 3_ In fact
due to the various SM-curves the recoms-
mendation in the draft standard 15 10 use a
higher value than the recommendation n
the Danish code of practice. This can be
seen in lable 3.1 where the same tempera-
ture action by for instance maximum “Sup-
ply Production™ gives 365 equivalent cv-
cles for b= 3 and 102 equivalent cveles for
b=



Thee question is whether it is o good ideate  terial properties. This guestion will be dis-
operate with the equivalent cyveles as n ree-  cussed later in this report.
ommendation s the valie depends on ma-



4. Temperature Variations in Korean DH Systems

4.1 Description of Measuring Points
b s chapter all the measuring points
will be desenbed bnefly, The deseription
is based on o questionname, which has
been filked in by the utility involved.

The measuring points are numbered from
1810 21 in continuation of the |7 points in
Annex [V, The supply pipes has an ~5"
before the number and the returm pipes has
an “R" before the number.

All the micasuring points are placed in
substations on the primary side, which
metis i the distrct heating sade of the
installation, and on top and underside of
the pipes.

oz 518K 18

B0 apartments with indirect connection.
The substation is equipped with heat ex-
changers for space heating and domestic
ot water and no storage tank for domestic
lhot water,

Poants 519 HE19:

Commercial building with indirect con-
nechion, There are absorption clullers for
district cooling. space heating and domes-
tic hot water and no storage tank for do-
miestic hol water,

408 npartments with indirect connection.
The substation is equipped with heaf ex-

changers for space heating and domestic
Tt water and no storage tank for domestic
hot water.

Points S21/R21:

690 apariments with indirect connection.
The substation is equipped with beat ex-
changers for space heating and domestic
hot water and no storage fank for domestic
hot water,

I table 4.1 and 4.2 additional information
about the measuring pomits are listed.

O the svstem with SIB/R1E there has
been one break down related Lo fatigue
close 1o a weld,

O the other system there has been 4
breakdowns related 10 fatigue, 3 times in
the neck of tees and one time close toa
weld,

4.2  Measuring Programme

The measurements staried at the beginning
of February 1997 and ended at the end of
February 1998, Table 4.3 states the star
and finish dates of the measuring period
together with the amount of missing days,



Mes Type af Type of indirect | District | Space |Domestic| Hot | Distance to Fipe
palnt installation consumer | installation | coaling | heating hot water | production | diameter
na, waler | storage Sito
518 Consamnar fpartmants Ves o Yes Yes Mo 5 m B0 mm
A8 substaiion {380 house-
holds)
ia Cangumart Comencil Wil Wes Yau Yes Mo B0 m 100 mm
R0 substation I:ulh:ﬂni
520 Consumer Apartmenis Yes Mo Yes Yes Ko B 125 mm
R20 substaton | (408 house-
alds)
521 Consumer Apartmianty Tes ho Ve Yies Mo i Em 160 mm
521 substaion | (690 house-
Hedds)
Table 4.1 Replies from Questionnaire concerning consumer mstallatons
Mes. No of Pipe | Length ol Length af Max dimen- | Age of Design Design
paint CONSUMers type makn house slon network temp. Pressung
no, pipEs conneciions
S1AMR1E | 197 sub-stations | 100% | > 200 mm =150 mm' BS0 mm 1961- Supply 16 bar
for apanments PP 109 km B4 km 1993 115'C
(62222 houss
apla ) Rabum
+48 sub-stations a5C.
for office buildings
=243 sub-stations
all together
S19/R18 | 402 100% | =200 mm: <150 mm 850 men 1960 Suspuphy: 16 bar
S520/R20 | substations for e 189 km 229 Wm 1881 15°C
S21R2T | apariments
{100, 718 hogss Returm
helds) 65°C
+ 307 sub-stalions
for affice buildings
=THY sub- slatsding
all together

Table 4.2 Replies from Questionnaire concerming general network

. PP Preinsulated pipes.




L  — e Em e o

Location |  Start date Finish date | Number of days = Number of days | Number of days
start-finish racarded missing
518 T 5Feb 1997 | 25Feb 1588 35 355 30
S1EU | 5Feb 1897 | 25Feb 1508 385 355 30
RI&T 5 Feb. 1867 | 25 Feb. 1968 385 47 38
RIEU | 5Feb 1997 | 25Feb 1094 385 [ 355 30
S19T 1 Feb. 1007 | 27 Feb. 1903 391 348 45
s19U 1 Feb 1897 | 27 Feb. 1894 301 a7 G4
- RaT 1 Feb. 1987 | 27 Feb. 1993 £l 346 45
RI1B U 1 Feb 1897 | 27 Feb 1998 | 381 48 45
|
5207 5Feb. 1997 | 25 Feb. 15048 B8 an 14
520U | &Feb 1887 | 25Feb 1998 385 an 14
R20T 5 Feb. 1997 25 Feb. 19058 385 art 14
RI0OU | S5Feb 1987 | 25Feh 1094 15 n 14
S21T | 11Feb 1987 | 25Feb 1998 e 346 33
S21U | VM Feb 1997 | 25Feb 1668 arg 340 33
R21T | 11Feb 1997 | 25Feb. 1998 arg 346 3
H21U | 11Feb 1907 | 25 Feb 1068 e 346 33

Table 4.3 Start and fimish dotes for the meazuring period
(5: supply. R: return, T: wop, U underside)



5.Measuring Results

The recorded datw Giles are treated Lo com-
ply with a computer ¢ode. using the Rain-

Movw method, developed by Mats Fremdah)
and gor Bychlik of the Institute of Matlse-
matical Swatistics at Lund Institute of Tech-
nology, The procedure of data treatmont is

equal to the one used previously i Annex
IV [2].

Inthe following the resulis from the sixicen

points of measurement o fowr differem
locations will be presented

Besults from cach measunng pomt are pre-
sented m enclosurcs SERA o 5'R211. En-
closures are numbered in continumtion of
the englesures in the Annex 1V project:

5 denote Supply pipe

R denote Retum pipe

18 10 21 denotes the measuming sites 18 o
21

Suffixes A to | denotes the type of graph:

Suffix A:

o A praph describing the lemperature as
a Tunetion of the time of year, begin-
ning on the first of February ond end-
ing simultaneously with the end of
measurement af each measuring point.
Missing dota is represented with an
empty space of which the length corre-
speineds 10 the amount of missing dota

# A matnx showng the nomber of mmin-
Mow cyeles during the period of meas-
vrement as o function of range and
mean. The lefimost column states the
range and the uppennost row siafes the
mean values, To each value for range
and mean are the sum of number of
rain-flow cyveles belween wo consecu-
tive values for range and mean con-
nected, as an example, range equals
30CC and mean equals 30°C holds the
sum of number of min-low cycles with
a range between 325 and 30°C and &
mean value between 25°C and 30°C.

o A able showg the number of davs
recorded and the mimber of full tein.
perature cveles, caloulated with a refer-

ence temperature of AT, = 1 10°C and
extrapolated 1o a preswmed lifetime of
M0 vears for different values of the ex-
ponent b (see chapter 7)

Suffix B

For ench site the curves for supply pipe. 5.
and a bold line shows retum pipes. R, ina
single logarithmic dingram together with
the curves for minimum, average and

msax i shown by thin lines,

Suffix C:
The cumulative damage s also shown for
supply and retum pipe for each site

The curves are made up as follows: Each
IEMPEraNne spectnim is presupposad 10 act
oo 8 pipe component dimensioned 1o the
limit with safety factor = |. This means
tha

5
N,
and the values ot the ordinate axis therelore

represent the accumulated contribution
from AT starting with the lowest values.

Sulfix D

The enclosures present for each channel
close-ups of the davs where we have one of
the highest femperature differences be-
tween lop and underside of the pipes. A
close-up of four hours around and during
ihe peak 15 also presented. The temperature
ot Lo of the pipe is represented with o
lighier shaded curve

Suffix E:

The enclosures show two plats of the tem-
perature difference between upper and
lower side of the pipes as a function of the
time af vear, 1he upper plot presents the
supply pipe and the lower the returm pipe.
The plots begin on the first of February and
end simultaneously with the end of meas-
urement ot cach measuring point. Missing
dita 15 like before represented winh an
empty space. of which the length corre-
sponds o the amount of missing data,




Enclowires with suffis F to 1 consist of
plosts describing the daily variations of the
temperature for different weekdays and
time of vear.

Suffix F: A Sunday in summertimie
Suffix G A Weekday in summenime
Suffix H: A Sunday i wintentime
Suffix I: A Weekday in wintentime

Inn the grapdis 15 onty e wemperature o e
fop of the pipe plotted for readabiliny,

Enclosure 5.1 shows o table presenting the
number of rin-Mlow cveles during a pre-
sumed lifetime of 30 vears with range m
step of two degrees centigrade. The row
where “Range”™ equals I contains tempera-
buere gveles with range between Band 2°C
pndd so o,

Enclosure 5.2 shows a table of the number
of full temperature eyveles during o lifetime
of 30 vears. calculated with a reference
temperature of AT, = 110°C for differem
values of the exponent b,



6.Evaluation of Measuring Results

A summary of the resalts in Annex 1V s
given i table 3.0 in chapier 3. According
1o the mew measuring resulis | see chaper
31 with 4 new mieasuring points table 6.1 s
wirkedl ol

As the 4 new points all are placed a1 con-
sanmers, only changes in the table dealing
with ennsimiiers will secur. I tible &1 the
updated results ane stated together with the
values lor producton = this as comparison.

Supphy
Praduction Bdin, Ayerage Max
bh=3 i 136 385
h=4 4 42 102
h=5 i 18 ar
Return
Pridisction Min ANBragn M
k=3 Z L 14
h=4 ] i 1
b= a 1] 1
Supply
Consumar Min. Average | Max
=1 L 130 57d
hmd 2 51 A04
b=5 i 28 &7
Return
Consumear iudin Average | Max.
b=l 30 THA 25ZE
b=d 4 207 28
b=5 1 L] £33
Table 6.1 Numbers of Tull temperaiure

eycles for AT, = 110°C and
=3 4 and 5

I is noted in tble 6.1 that compared witl
table 3.1 the values for “Supply Consumer™
wre reduced by 3-10% for the average val-
ues, this is a minor change. For “Retum
Consumer there is a remarkable change as
the average values are imcreased willi 30-
55% and the maximum values are in-
crensed with 150-3000%.

The remarkable meredse i the valies for
the retumn pipe is chused by two of the new
measurng poiis (K18 and K20) where the
numbsers of Ml lempetatire cvelesat b= 3
are caleulnted 1o approximately 3000 cy-
cles where the Iargest value in Annex [V
was approximately 1000 cveles: This
means that the 1wo measuring points with
approsimately 3000 ¢veles ane very differ-
ent compared with all the other points. The
two points are both apartments with 280-
A0 howscholds

It is also remarkable that the thind apan-
ment (K2 1) has a value on the return pipe
of 30 full eyeles by & = 3. This point is one

of the lowest values of all consumer points.

20 and B2 are on the same network,

The fourth measuring point is 8 commer-
cial building (S19R19) with district cool-
ing. The values for this point by b= 3 is
183 on the supply pipe and 479 on the re-
turn pipe. The value for the supply pipe is
6l above the average valug in table 6.1,
The value for the return pipe is 25% below
the average value i table 6.1,

This means that the commercial building
with district cooling does not differ re-

markably from the ather values m tble 6.1.

The general reasons for the temperatun:
wvarations by the [our mersunng poims
stated by the utility are given as follows:

= Manual operntion and intermitent op-
eration may cause 3 large part of tem-
peratire fluctuation.

e Flow rate between primary side and
secondary side may be unbalanced.

» Temperature control system may be
improperly acting.

o Control valves are over-sized,

Measuring on top and underside

In this project measuring has been dong on
top and underside of the pipes. The various
values are stated n chapter 5. The under-
siche has more full cycles than the top, Ex-




cept for R20. the differences are below 5%,
Foe B20 the differeace 15 12%% for b= 1.
7% for =4 pnd 21% For b= 3,

Characteristics

o The temperature difference on the re-
turn side 15 more pronounced than the
one o the supply side, This indicanes
that it is the conditions in the substss
tion, which mainly give rise (o a vary-
ing temperature pattern and o fem-
perature differences between upper and
lewwer sides of the retwrn pipes. Consiid-
ering the supply pipes. see enclosure
SRISE to 21E, there is virtually no
sign of temperature differences except
Tor S19 which i= locmed just 50m away
from g production plom wisch in wrm
1% a source of lemperature variions,
All the other mepsuring points are lo-
cated 3-12 km away from production
plants,

®  The temperature on top of the pipe is
almast abways higher than the one be-
low, enclosure S/R18E to 21E

o The tempernture difference 15 in some
cases more propounced in summertime
when the domestic hot water circuit has
a greater impact on the returmn tem-
perature, e.¢ enclosure S/R20E.

= Al slow cool off like in enclosure
520D, with presumably no or very low
flow rates, the cooler water gathers at
the bottom of the pipe and the tem-
perature will be higher on top of the
pipe.

® A dynamic behaveour with fast vanving
temperature is charactensed by inabil-
ity of the top temperature 1o follow the
temperature on the underside, enclo-
sure R20[D,

& Enclosure R2 1D, [ong transoission
pipeline. 12 km from production site.
with signs of temperature stratification
in the return Hie during night-lime
when the demand for district heating
normally is how,

Possible explanations

Conditions i the distrct heating central
give rise 1o temperature differences paossi-
bly due fo miermifient operation, ihe con-
trol system or the connection principle or a
combination of these. A parallel connection
principle with severnl divided heat ex-
changers i.c. several flows ending up in the
same returm pipe suggests 4 state of im-
proper mixing in the retum pipe.

Siresses
The temperature differences between top
and underside cause o stress in the steel.

Presuming "worst case”, that the pipe is
completely restrained against bending. the
temperature difference between top and
bottom will induce a stress difference

For the site with the largest difference

i R20, see above) this means that the varia-
tion in full cyvcles between top and bottom

will always be less than + 6% for b =3 and
+ 10.5% for b= 5.

Considenng the uncertminties in low cyele
fatigue these differences are small and can

be ignored.



7.Design Model for Low Cycle Fatigue

7.1 Introduction

e development of preinsuloted pipe sys-
tems for districn eating has for quite some
time been charactensed by simplification
of laving methods, thus emploving cold-
laving or presiressed sysiemns instead of
using expansion facilities like compensa-
tors and U-bends, giving more robust and
cost-effective systems.

The simplified loving methods on the other
hand give rise to higher stress and strain in
the system, and therefore caloulation meth-
ods have been developed i order that the
full potential of the systems can be utilised.
This development has. ¢.g., taken place in a
technical committee, CENTC 107, The
result, a droft Evropean Standard for the
Design and Installation of Preinsulated
Bomded Pipes for District Heating (1], is
presently being prepaned for enguiry.

For preinsulated, bonded. buried pipes for
district heating the major nctions are pres-
sure and temperature, 18 his shown cruzial
for district heating that special standards
are developed because the wemperature is
the decisive action, whereis other stan-
dards presently winder development in CEN
consider the pressure 1o be the decisive
action without leaving possible reserves in
the steel 1o be fully utilised

Coneerning design o cold-lnid or
prestressed system can be divided into
three zones.

1. Fully restramned zone
2. Partly restrained zone
¥, Expansion sone

L=FRICTION LENGTH

PARTLY RESTRAINED

5 ' EXPANSION

FULLY RESTRAINED

|| zone |
I_._..-._-_ L¥] =

\

i
]

1

Figure 7.1 Three zones of premsulated pipe system

The purpese of the design is, of course, to
avirid failure, and this is achieved by com-
pacring the actual stress-strain state with a
number of failure modes, the so-called

lim it staics.

In the Tully restrained zone the most im-
portant limit stote is local buckling. How-
ever, in case of small angular deviations or
misalignments in welds low cyele fatgee
can be a limit state,

In the expansion zone low cyvele fatigue is
the most important imit state for bends,
Tees (and other local discontinuities like
small angular deviations) can be foumd in
all three zones, and for those low evele
fatigue also is the most important Himit
stote.

The three zones refer to preinsulated pipes
directly bured in the soil. However, most
codes dealing with pipe sysiems are based
on design in the low evele fatigue range.

———m o —




and therefone e follow g discussion ap-
pligs 1o all tvpes of district healing sv<1ems
where the medin pipe 15 made from mild
steel

This report deals with limit stotes for the
el pupes. ban it mast be remembered., tha
isere are also imporant limit states for the
PUR foam and the PE casing.

7.2 Design based on Low Cycle Fa-
tique

Uinder high cyele. how stress fatigue situn-
tions., the material deforms primarily elasti-
eolly; the failure time or the number of
cyvcles 1o Failure under such high eycle
fatigae has irnditionally been charcterised
in ferms of siress range, Poweser, the
stresses associated with low evele fatipue
are generally high enough 1o conse nppre-
cuahle plastic deformation prior to failure.
Under these circumstances, the fatigue ife
1% charactenised in terms of the strain

range [3].

The classical approach i piping design is
1o estimate the lifetime, the number of full
evehes, from an SN-curve (Wohler curve)
opposed to the more complicated method-
ology based on fracture mechanics.

When the design is based on fracture me-
chanics. which ofien is the case in acro-
plane design and offshore structures, crack
propagation is calculated based i detail
madels for the complete structure, The
actions are simulated using statistical
methods assummg differen distributions
for wive height and the energy transferred
i the structure, In this way the “cnoss sec-
tion forces lustory™ is caleulated. and the
stress history is esiablished for each eritical
construction detail by finite element meth-
ods (FEM), The lifetime is estimoted by
calculation of crack propagation or by SN-

EUIYES

Analvtical and experimental studies of fa-
tigue in steel structures subject to stochas-
fic loadng show thiat the Palmgren: Miner
rile, which normally 1= used in piping de-

S1ZN, inEy 2ive giile un-conservalive pre-
dictions of the ftigue life [25].

I'he temperature variation action on district
heating pipes may also be considered as a
stochastic variable. However, applving
fracture mechanics will complicate the
design considernbly, which will not be jus-
tified by subsequent savings in constric-
thon, Furthermore, designing district heat-
ing pipes in the low cyehe fatigue range
involve using elastic-plastic models op-
posed to structures designed in the high
cvches range using elastic modefs,

I the future when suitable methodologies
and computer programimies have been de-
veloped, the design of distnct heating
might beneft from more advanced fracture
mechanics, but it is most [ikely that these
methods will be used 1o refine the method-

ologics presently used.

The more practical design approach used in
district heating is reflected in the drafi
Evropean standard | 1] and explained n
miore detmil in the EuHP District Heating
Handbook [4]:

. Assessment of actions {lands), see
clause 7.3,

2. Cholee of Sh-curve.

3. A wemperature history is assumed for
the syspem.
The number of full temperature cyeles
is caleulated based on the chosen SN-
curve and the Palmgren-Miner rle.

4. Stress anplysis, see clause 7.4,
Forces and defonmations are calcalated.
The stresses are calculaied using stress
intensification faclors.

$. Estimation of lifetime based on the cho-
sen SN-curve, see clauses 7.3

The five steps above all imroduce emmors.
The basic purpose of this project is to dis-
cuss the factors infuencing on the low cy-
cle fatigue strength mainly by literature
study and to identify and discuss the un-

certainties in modelling mainly by analysis

Fil



7.3 Actions

The mapor actions on buricd district heating
pipes are:

o Maximum pressure and pressure varia-
TR,

¢ Mlusimum lemperature and tempera-
lure vanations.

Normally the pressure only gives small
stresses compared 1o the temperature, and
consequently the pressure vanations give
even smaller stress vaniations and are there-

fore often ignored,

Until recently the know ledge of the actusl
temperature actions on district beating
systems has been limited. and therefore the
1EA Distrigt Heating snd Cooling Pro-
wramme has carried through o study, where

the temperatire has been measured on sup-
ply and return pipes ot unlities in 5 differ-
ent countries [2].

In the present study four sies in Korea has
boen included, see chapter 4. 5. and 6, The

measurements from these new sifes support
the conclusions in the previous project 2],

e chapier 3,

The measurements from all 21 sites are
illustrated on figure 7.2 10 7.5, The meas-
urements have been carried out during ap-
proximately one year and by simple mulii-
plication converted to number of cycles
during 30 vears. This means that observa-
tions i < 30 gyeles do not appear on the
converted curves,




SUPPLY - CONSUMERS

Cycles, n

Figure 7.2 Temperaiure measurements from Supply - Consumers

SUPPLY - PRODUCTION

Figure 7.3 Temperature measurements from Supply - Production
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RETURN - CONSUMERS

Cycles, n

Figure 7.4 Temperature measurements from Retum - Consumers

RETURN - PRODUCTION

Cycles. n

AT

Figure 7.5 Temperature measurements from Retum - Production




I cach figure o “design line”™ is suggested
Fisr cnbeulation of maximum number of Tull

evcles. The "design lines”™ are based on
data from return - consumers and supply -

production, On order 10 simplify the design
process it is sugeested thar the same lines s

used for supply - production and consum-
ers aind returm - production

For return pipes from consumers;

n,=:-m“-[ﬁ]”

For all other pipes (supply pipes io con-

sumers and production and retum pipes 1o

production

n=2-10"- L]
AT,

where iy b5 number of ¢veles during 30
yeurs for

Ah=1.2.3...Cie

nff = 1y means all eveles for 0 < AT =1°C
nft = 2) means all evcles for 1°C < AT <
2°C ete.

These lines can be used 1o estimale a con-

servative tempernture history for a speeific
project if no further data are available. For

a specific project all values up 10 Ty

minus laving temperature
(g ATun = T — 10°C) should be
used.

For AT, i discrete steps different from 1'C

fallowing expressions can be used:
For retum pipes from Consumers,

mfrom AT, 0 AT, )=
2-10"

1.2

[ 7-05" =i 7,+05™")

For all ciber pipes:

nifrom AT o AT, )=
210

z % -05"" ~( T.+0.5")

For a new district heating pipeling the fem-
perature hastory can be estimated in a pume-
ber of ways:

1

e

If the pipeline 15 an extension of an ex-
isting system, the lemperature history
can be established by measuring the
temperalune vanations for one vear.

Tt must be noted, however, that the most
serous lemperature variations are gen-
erated by the consumers, and this ap-
prowch can therefore only be used. if the
consumers connected to the new pipe-
line in consumption patiern and 1ype
Cond awtomation} of installation comply
with e eXEsiing Consumers.

The temperature history (n, A7) can be
estimated by analysis of production
and consumption pattern and type {and
automation ) of installation and by
companson to other similar systems.
However, this approach also suffers
from shoricomings. The preceding 1EA
project [2] and experience show that
there quite often is considerable differ-
ence in the expected and the measured
tempermture history. Therefore this ap-
proach in many cases will lead to an
prderestimation of the number of ¢yv-
cles, m,

The temperature variations in the sys-
tems can be monitored continuousiy
and the calculated number of full oy-
cles compared 1o the design value.
Also this methodolegy suffers from the
shoricoming, that that the maximum
values are expected at the return lines
from the consumers. However, the pre-
sent development towards heal mefers
interacting. both with the production
plant and the consumer installation will
endble such an algorithm o be build

n



bt e lieat meter,

4, The remperature vanaiions can be ¢con-
sidersd a5 o stochastic vanable. The
design tem perature history is then cho-
sen based on statistical analysis of
mensurements, e.g. by calculating the
Qs fractile and applying a pamial
sifery factor,

However, the availoble stvistical mate-
rinl 15 suill limited and do not justity o
further complication of the design
methodologies, and therefore i 15 sug-
pested for the time being that the “de-
sign-lines” are wsed,

It must be noted that the “design-lines™
are exirapolated 1o tempernture differ-
ences larger than those measured dur-
ing one year. This is justified by the
argument that higher values of AT

§ % T Willl occur il the measuring
perind is sufficiently long.

The extrapolared valwes of (AT, #) are
dominating when calculating the num-
ber of full eycles, and thevefore the ap-
proach must be expected 1w be conser-
valive, However, it does not give re-
sults, which differs considerably from
present prachice,

Based on a known temperature history the

stress-strain history can be caleulated using
o suitable model of the construction detail

i question, This approach requires exten-
sive analvsis for each construction detail
{bends, wes, eic. ) and is therefore oo com-
pretiensive for practical use. Therefore the
number of full lemperature cyveles is used
i most cases as well asin the draft Ewro-
pean standard | 1],

The number of full wemperature cveles, N,
is caleulated assuming:

1. Varations in stresses are proportional
temn perature varistions, A = ¢- AT

[ ]

"
The Palmgren-Miner rle 3 T

{or = 1y with partial safety factor)
3. A relevani SMN-curve
4. A reference temperature

Re. 1; Vanations in stresses are propor-
tional lemperature variations,
Aag=c-AT

In order to assess this question the relation
between doramd AT was calculated with a
FEM beam-element model with following
idaia

I. Leloop with 168.4/4 mm steel pipe and
250 mm PE casing

Short leg 10 m, long leg > the friction
length

Soil cover 0.875 m. The pipes are em-
bedded in sand ¢ = 35", No road sur-
face.

ll'-'b
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Figure 7.6 Relationship between Ao and AT

The relationship berween derand AT on
figure 7.6 is applied 10 temperature histo-
ries measured in the previous [EA project
|2]. This approach gives numbers of full
stress cyelos, which are from 2 to 10 times
smaller than the number of full temperature
cveles depending on which temperature
history is used.

It s seen that using the relationship be-
tween AT and der in figure 7.6 gives a re-
duction in number of full cyvecles depending
on which remperature history is used pre-
suming that the curve is repeated (or cach
change in movement.

However, for pipes buried in sand the ma-
Jority of the elastic-plastic soil springs will
be in the plastic range thus approaching a
limear model where the vamation b stresses
will be proportional to the varstion in tem-
perature.

The conclusion must be that it must be pre-
sumed that A = ¢« AT unless the relation
Ao= AT s esinblished in each case
based on eather complicated modellmg.

Ke. 2: The Palmgren-Miner rule

n
Z.ﬁ-— = 1 tor = I/ywith partial safety

factor)

The Palmgren-Miner nule expresses that

relative damage of &, cveles with the stress
i

range dev AT is ':..-;r- . where N, is the

number of cveles cousing fatlure with the

stress mnge § = Aot AT calculsted from a

relevant SN-curve.

The fatigue life depends on both the mean
stress level and the order in which the
stress blocks of different amplitude ire
imposed. The Palmgren-Miner rule docs
not take all these factors into account. This
can only be done by design based on frac-
ture mechanics,

When a temperature history has been as-
sumed and applying the Palmgren-Mmer
rule the wamber of full temperature cy-
cles is calculated from isee | 2]k

¢y .1 ¥
1.'|'|_. —mz". {.TTT
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whers

T ts the number of cveles at AT, —the
temperature history

Al o reference temperntune chosen by
the designer, normally the design
tempermture - [ 0°C

f 15 slope of the chosen SN-ciirve, see
clouse 7.4

It is seen that N is not constant, which is
charactenstic for a given system. The fa-
tigue lile of o system can only be unambi-
guously characterised by the temperature
history

According to present practice [ | | and [R]
the numiber of full temperature eveles has
Been specified presuming that sy SN-curve
specified elsewhere in the same standard s
ised.

A miowe correct approach will be o specify
a wemperature history, Following this the
designer can caleulae the stress-strain his-
tory or use the more simple approach cal-
culating the numbser of Tull temperatune
cyeles.

For design purposes the “design-lines™
have been calculated in table 7.1 and 7.2
For practical reasons the number of cycles
have been summed for AT in intervals of
3'C. For anmalvsis the averape values for AT
should be used e.g. for | < AT < 5°C AT =
3°C should be used.

IToe iTC n n
From To Oiibuer R bam
RS | CONGUMETs
1 5 |ATATST| 3&G13511
L] 10 | 52680 | 116304
11 15 13467 Jr0de
16 20 SEAT 17714
21 25 25085 10239
28 a0 1744 ik
a kL 1157 A55d
35 40 Ta8 3363
41 a5 L] 2558
40 50 427 2007
LY | 55 330 1613
58 L 261 1323
61 65 210 1102
7.1 FL 172 B
i | T3 143 Tar
TH B0 121 GEE
B BS 103 600
BA 80 &8 528
81 85 e 46T
B 100 ar 417
101 105 5A ara
106 110 &2 136
11 115 ah 04
118 120 A1 2
™ 125 ar 253
186 130 33 31

Table 7.1 “Design-lines™

Presuming that AT..; is chosen =

Tapsgn = 10°C and b =4 {c.{. the European
standdard) values for design purpose can be
taken from table 7.2 Once again it must be
emphasised that the same value for AT,
st be chosen when calculating the stress
range.

RS 100 105 110 115 120 125 130 135 140
AT =
Tiniga = 10 "G a0 s 100 105 110 118 120 125 130

Na,
Iﬁﬂwntmmu 3288 | 3065 | 28¢

2T | 2574 | 2434 | 2316 | 2200 | 2094

I,
All other pioss 637 | sm8 | s37

AG¢ 450 435 it am 346

Table 7.2 Values for number of full cveles (with partinl safety factor y= 1)




I'he caleulmed number of full cveles fir
different values of AT and b are presented
in table 7.3 and 7 .4

Normally a designer will choose to set

demonstrate that the fwo “design-lings”
give a more severe action for increasing
vilues of T, table 7.4, where

A= 110°C, has been inveluded. This able

also allows comparison with caleulations in

the previous [EA project 2] where

Tiviiin ™ Tmis i AT = T~ 10T AT = 110°C ks osed in ol coleulf ions
according 1o the table 7.3, but in order to
Tenge | idTue [ B 8 M, Towamgm | diTe | M, M
Ofher Heturmn Oithed Ratum
plpes | CoNdumers piped | CORBLIMOTS
EQ Fijii 3 1886 153 BO 110 3 485 1843
EQ Ta 4 it 4475 B0 110 & 158 T3
&0 i) & G678 308 B0 110 5 70 345
ol a0 4 1484 B35 a0 110 4 ar 2322
&0 ad d T7a Jres o0 110 & 218 1063
ho o] 80 5 543 L8086 B 110 5 111 571
100 | 90 3 1205 5203 103 | 110 3 &30 2850
100 &0 i 637 AZE8 100 110 L 286 1473
100 | @0 5 adn 2430 100 | 110 5 164 Ba1
110 | 100 3 1002 4561 110 | 110 4 753 3427
1o | 100 4 AT 2861 110 | 110 4 BT 1975
110 | 100 ] JTH 2136 110 | 110 5 235 1327
120 | 110 3 B850 4052 120 | 110 3 850 4053
120 | 110 & 460 1574 120 | 110 & 460 2574
120 | 110 5 X34 T2 120 | 110 3 324 1802
130 | 120 3 T3z JG38 130 | 110 i g51 d723
130 | 120 i Kt 2316 130 | 114 s 585 280
130 | 120 5 282 17T 120 | 110 5 435 2643

Table 7.3 N, for AT = Tinee= 10°C

Tabde 7.4 AL for ATy = 110°C




Presuming the Palmgren-Miner rule tible
7.5 (Other pipes) and table 7.6 (Retumn
consumers ) demonstrates the influence -
the damage - for each step of AT

For b = 4 and 5 it s secn that temperabune
variations up to 45°C contribute less than
10% to the cumulive damage  The same
ohservations con be made for different
temiperature histones studying the enclo-
sures marked “C7 i the previous |EA prog-

et [2]

This means that temperature varnation due
to norimal production operation, 2. varia-
pon in supply lempersture summer and
winter or daily varations due to heat stor-
age, do not contribae significamtly 1o the
dumage effect i.c. the reduction of lifetime
of the steel pipes.

It influence of small temperature varia-
tons o other components ¢ welded
casmng pomis remains 1o be examined,

AT | AT°C n b=3 | b=4 | p=5
From Ta Mhor
pipes
i & ITOTETT A% 1,3 0%
8 10 E3680 10%: 1% 0%
11 15 1MET 12% 1% 0%
16 20 SB1T 15% % 0%
21 25 2935 18% % 1%
26 o 1748 21% 4% %
kY as 1137 24% % %
35 40 TBE 7% B %
41 45 569 % 10% 4%
L] 5 427 5% 13% 5%
&1 &5 330 k{759 5% g
55 LT 261 435 208 10%%
B1 B5 210 4T% 24% 1%
66 Ta 172 61% 2% 16%
i 75 143 it 3a% 200
76 BO 129 0% 8% 25%
1] 85 103 65% 44% 31%
Bh ol BE e 51% 8%
o1 o5 T8 Ta% 5Me A5%
5 100 &7 T8% 85 St
101 105 58 A% 3% Gl
106 110 52 1A A% 7EY
11 115 4B e B0 BT
118 120 41 100% | 100% | 100%
2t i25 37 100% | 100% | 100%
| 126 130 13 100% | 100% | 100%

Table 7.5 Comulative damage effect for “Other pipes™




AT | 4t ] be=1d h=d
From Ta Haiurn
Consumers

h=h

= 3613511 2% 0%

i 10 116304 P 0%

1 15 J7028 4% 05,

16 20 17714 5% 1%
a2 o 10238 T 1%

20 a0 i S 10%% i%e

n A5 4504 2% 3%

a5 40 3383 15% %

&1 45 550 1% %

46 50 2007 Fr o%

51 2] 1813 6% 1%
56 &0 pRLFAL it 15%
61 fils] 1102 3% 16%
fifi 70 a1 k125 2%
Fl 15 Tar Ad5 2T%
76 g0 i3] b A2%
81 B85 &00 55% A8%
86 80 528 G0% £5%
o 83 457 66% 2%
i 100 417 TA%
101 105 373 TE5%
106 110 336 B5% T8%

111 115 04 93%
118 120 2TF 100% | 100%
121 125 253 100% | 100%
126 130 231 100% | 100%

FRIRFE

1'%

FEEEIY

13%
1™
2%
2%
3%
41%
505
B0%
T2%
85%
100%
100%
100%

Table 7.6 Cumulative damage effect for “Return consumers”™

7.4  Stress Analysis

With today’s aids modelling typically in-
volves following steps:

. Forces and deformations are calculated
by FEM-methods, normally o beam-
element model, where the steel is as-
stimed 1o be linear elastic and the soil is
nssumed 10 be elastic-plastic.

B

. The stresses are caleulated by the usual
formulas. Local stress concentrations
ire handled by multiplving the stresses
with stress concentration faciors. The
methodology can either be hased on
hot-spot stresses or experimental meth-
w5

Locally stresses will exceed the plastic
limit, and Turther analysis in these
points should in fact be based on strains
rather than stresses. However, for prac-
tical reasons the analysis is done on
“formal stresses” above the plastic limit.
This is why stresses as high as

oz 1000 Nimm’ can occur, This formal
siress should be undersiood as a stran
e=ak z05%

. Caleulation of a reference stress for

mltl-axial stress states.



Re. 12 Modelling

The tvpical methodology involving a
beam-glement model { FEM) with elastics
plastic soil springs is described in chapter
8 When the sctions are defined the resulis
friom different FEM-models should be un-
ambiguous. However, comparative calcu-
lations show that there oflen are even con-
siderable differences in the resulis

Ths difference can be due 1o erroneous use
of the FEM-model {often present as a
“black box™ computer programme) or in
particular differences in the way the reac-
tions of the soil are modelled

In chapter & it is shown that a beam-
element programme is very sensitive 1o the
distance at which the elastic-plastic are
placed. In chapter @ a1 is shovwan that the
fongue hife of tees a1 ConSUMens conmed-
tions vares very mich depending on how
the main pipe next to the tee is modelled.

The decisive Tactors are the Trction coelli-
cient between PE casing and the soil for
ax ] movement and the reaction of the soil
tos laternl movement of the pipes,

The friction coeificient 15 often Tixed 1o 6,4
- 0,45 but can vary in the range 0,2 < 0,6.

The soil reaction to the Interal movement of
the pipes is typically modelled with bi-
lingar elastic-plastic discrete soil springs.
For pipes in nreas without road surface it is
expected that s approach gives reasan-
able resulis. Many tesis indicate the resc-
tions are reduced after the initial start-up
movements of the pipes. However, in arcas
with sl rood surface it s most Bikely thm
the soil reaction 8 underestimated. Only
limited tests or calculations exist for the
nssessment of 50l reactions under road
surface. In the German draft AGFW,
Richtlinien, FW401 [23] graphs based on
FEM-analvsis are available, These graphs
should be verificd by comparison (o avail-
able test. Expecting reasonable agreement
this approach could be modified for practi-
cal use.

w

This large uncertainty m the estimation of
decisive actions will, in other twpes of
structures, typicatly be handled e.g. by ap-
plying partial safety factors. However, due
1o the functioning of the pipe-soil interac-
ton of buned distnct heating pipes. and the
most important limit stute being low cycle
fatigue the design must be done with par-
tial safety factor ¥= |, the serviceability
limil sie.

He. 2: Siress concentration factors

The code B3 1.1, Power Piping [27] is
hased on the experiments made by Markl
[ V6], The siress concentration factors in
this code must therefore be used with the
belonging SN-curves.

In more recent codes (the daft Evropean
standard [ 1], DS448 [8] and EC3 [26]) the
stress analysis is based on hot-spot siresses,
The stress concentration factors are calcu-
lated by FEM-methods or measured with
strain gauges. Hot-spot stresses must as
well be estimated with belonging SM-
curves, it 15 important that hot-spot and
experimental methods are not mixed.

However, the difference m stresses calco-
lated by the two methods (a factor 2) might
oy apply 1o bends.

Tees:

In & cold load svstem the general stress
Tevel will b 50 high that the local weak-
ening from a branch connection necessanly
will require a local reinforcement. This is
best is done by using a tee with incrensed
wall thickness, An increased wall thickness
gives a considerable reduction of stresses
and it eliminanes the weak link in the chain.

The practical methods for calculation of
stress intensification factors {e.g. the for-
mulas i the drafi Evropenn standand [1])
are only “rules of thumb™ and they only
give an estimate of the stresses. More exact
determination of stresses can only be done
by costly experiments or by FEM.

The location of maximum stresses is nor-
mally not knowwn when the praciical
method is used. However, in most cases the




A ki Slresses e ooor close 1o the
saddle point (pomt B [ 19]1. The stress pic-
ture here s very complicated, the base
material has undergone complex deforma-
tion during production (extruded and weld-
it e on there 15 aweld {welded tees).

Hends:

For bends the situation is quite different.
The only practical wavs to reduce stresses
i a bend is to increase the bend radius or
to establish a cavity. Besides from this
stresses cannot be reduced in a eost-
effective way.

Foam cushions can be used, but they have
iheir own Timtations;

I. The available deformation parameters
are ofien measured by an uni-axial test.
In practice the stress state in the cush-
1ons will be muiti-axial, and the suff-
ness of the cushions will be larger.

Pl

. The cushions might follow the pipes at
sonall movemenis, but there = a consid-
erable risk that soil will clog up cavities
between cushion and pipe a1 large
OV ETEERTS.

3. D to degrading from moistune, bacte-
rinl action, mechanical action ¢le. it is
oplimistic fo expect thal the ¢ushions
have the expecied properties jor 30
Yeurs

4. Fully compressed cushions will increase
the effective dinmeter of the casing pipe
thus ingreasing the soil reachion gven
further.

3. The foam cushions acts as insulation
material thus heating the PE casing and
impairing the lifetime of casing and
Joints

B, For larger diameters fullv compreised
cushions mexn that the pipe will be
ovalized and the ovalizing bending
stresses will be higher than if there had
been mio cushions, because the support
From the surrounding soil will be con-

centried 41 one point (ol 3 o'clock).
This will atfect not only the steel pipe
bt also the PUR.

Further the stresses in bends can b ne-
duced by establishment of cavities where
the pipes move perpendicular to the pipe
axis 15 used for large pipe dinmeters, bt
should not be used for sinnller dometers
for econoimical reasois

For these reasons i s important that the
“right”™ limit state is established for bends,
and it will of couwrse be beneficial for dis-
trict heating if further studees and experi-
ence show that o higher linnit state can be
ised for bends,

Small angular deviations:
Smiall angular deviations {bevel welds) are
discussed in chapter 10.

The stress concentration foctor proposed n
the draft Evropean standard [ 1] presup-
poses that the angular deviations are lim-
ted according 1o following table:

WL f s - Maxsmum snguls
fure diffarence devislion
00 K '
100 K i
110K 0.5
> 110K a°

A installation tolerance of # 0,257 oo the
nbove-mentioned deviations is accepted.

If the angular deviations in the table are
exceeded there will be a nsk of local buck-
ling resulting in nn increpse of the siress
concentration facior, These factors could
be established by FEM-analvsis taking
second onder effects mto account ar by
experiments. However, this mperial is not
available,

Re. 3: Reference stress, multi-nxial stress-
slran stale

In practice the stress-stram state s almost
always multi-axial, and therefore a proper
transfsrmation 1o a reference stress must be



chosen wihen compartng to the it state
curve, where only a reference stress mnge,
&, 15 represented

A number of approaches are wsed:

o Largest tensile main stress

o Laorgest tensile stress perpendicular to a
defect (e a weld seam)
Von Mizes or Tresea vield erterion
Cumulative Damage Assessment
PCDIAY e, the effect of all stress com-
prorenis 15 aidded

There 15 very limited [iterature or experi-
ments on this question. Suresh |4] con-
cludes based on i shont discussion: The von
Mises stress or strain erilerion appears fo
have found the widest appeal.

However, the von Mises criterion describes
the stress-strain rektion when vield siaris
in one point, and possibly ot the condinen
when alternating viell iakes place ina
provind, limiz or arca,

The slope constants and levels of different
SM-curves might also give an indication
that this transformation is not sufficiently
accouned for

In EC3 [26] the slope of the base curve 15
h=73,

In A S2 [22] the average slope of the hase
curve 15 b = 26 i the range relevant for
district heating. However, mamly due to
the reduction Factor for vield & = 4 for ihe
Tk stafe curve

The experiments made by Markl [16] in the
1950 2 on pipe componeils ke bends and
tee includes reductions for vield, These
experiments resulled in a limit state curvie
with b= 5, which is vsed in B31. 1. Power
Piping [27].

Calculation examples with stresses in the
range typical for district heating pipes
show that the reference stress only vany
very little when it is caleulated according to
the different theories. In the deaft Europenin
standard | 1] it is therefore sugpested to
allow the choice between von Mises or

I

Tresca, because these two theories ane
commonly wsed in piping design.

7.5 Limit State [SN-curve)

The basis for the SN-curve is normally
estnblished by uni-axial fatigoe resting of
polished test bars (AL 52 [22]), by uni-
axial fatigue testing on specimens with
wilding defects (ECS [26]. Inmtemational
Welding Institwie) or by Iangue testing on
complete components {Mark] [16]5 In the
high cycle fatigue range the testing is done
by stress (elastich cycling and i the low
cvcle mnge by strain {plastic ) cveling.

Historically the basis SN curve s ex-

pressed as {4). [5]. [33):
e i

= LaNY + &, -(anY
where
vy i the fatigue strength coelTicient
£ s the ductility coefficiem
h 15 the fatigue strength exponent
'y 15 The fatigue ductility exponem

i% the number of hall cveles or re-
versals

N s the number of full cveles

o 15 the stmun amplitude

Figure 7.7 Action cvele

LUsing figures for mild carbon steel [5] and
introducing the siress rnge
gu s
E
the expréssion above 15 converted imlo

1]4‘[': [ | ;!n ) .
s=1120/ — "™ +82000 - | N’
12 L.‘r B200( |_.N1| mm

The first link represents elastic eveling, the
second plastic cveling. The numbers used




wre obtnined by regression analysis of re-

be applied takmg wito account the vartion

sults from endurance tests thus representing  of the test results or an upper fractile is

avermpe values (valid for half failure Iife).
For practical use a salety coeffickent must

used, typrcally 94,

-

E-

S, stress range Nimnt’

LR

N, number of full cycles

Figure 7.8 SM-curves

The base SN-curve must be reduced by a
number of coelficients:

Surface condition

Temperature

Welding detail

Reduction for vield

Reduction for electro-chemical envi-
ropament”

s Corrosion fatigue

s Crecp fatigue

¢ Electro-chemical impacts (external and
internal )

Thus the conslusion can be an SMN-curve
like the one proposed in the draft European

stancard [ 1] o straight line in a double loga-

rithmic dingram with the slope constant
b =4 (The WG curve in ligure T.8%

SO0

4
N= (_E") of S=5%00 V" N/mm

& is the number of full cycles giving failure
with the stress range S in N/mm'.

The proposed limit state for low evele fa-
tigue is in principle derived from the Ger-
man AD-Merkblam 52, Berechnung auf
Wechselbeanspruchung - Fatigue Analyvsis
[22].

However, the AD 52 [22] is an extensive
generalised document. Caleulation of stress
range, when the number of load oycles s
known reguimes miore caloulations than is
Justified by the uncertainties in low cyvele
fatigue anplvsis, Furthermore, calculpfion
of load cycles, when the stress range is
known requires iterations. Therefore the
JWGT curve has been established from AL
52 [22] by using values typical for district
heating followed by “best curve-fit”

A consistent reference o AD 82 [22]

wotlld give o very high Tt state for un-
welded details. During the development of

13



the draft standard this wis exiensively dis-
cussed,

It has been insisted that high curve for un-
wlded details (bends and some Kinds of
tees) could be used direcily. O the other
hiand m has been opposed that 115 neces-
sary 1o [ook a1 the complete “design pack-
age”™, and that single elements of this
“packnge” should not be changed withou
considering the complete system safety
hustrated in the Dguire below

« | DESIGH .
MODEL

Whether the high limit state for un-welded

details can be used must be justified by

analysis und comparison to practical expe-
MEnee.

ACTIONS LILAT

STATES |

The calculation examples in chapler 8 and
9 seem 1o indicate that a curve for un-
welded material can be used Tor bends.
However, this presupposes that realistic
models are used for 301l actions specially
when the pipes are placed in streets with
rigid surface. It is more doubtful whether
an SMNe-curve for un-welded material can be
used for tee due 1o the more comphicated
strmin-picture.

An SN-curve for un-welded material de-
rived from AL 52 in the same way as the
SN-corve above con be expressed as:

& |
5
5 =15800- N " Nimnr

e =30,

For practical reasons it is not convenient (o
have two SN-curves with different values
of b (h = 3.2 and 4), because the number of
full eyeles, Mo, is a function of &,

According 1o the Markl-curve (h = 5) large
stress varialons are inore decisive o the
lifetime compared to SN-curves with b < 5.
This is in line with a suspicion that the cf-

fect of large varntions is underestimated in
nermal design,

For the time being it is estimated that £ = 4
i« 2 reasonable figure, which should be
used for possible curves for welded and un-
welded details

In AD S1 the limit state for fatigue is based
on sress cyveling tests on polished rods in
the high cycle fatigue range and on strain
eveling in the low evele mnge. This gives
an upper theoretical lmit for fatigue analy-
LIL S

In order to reach to a limit state which can
e applied in practical cases a number of
reduction factors are applied:

I. Correction Tactor for taking into sccount
the nolch effect caused by surface
roughness

. Correction factor for taking info account
the influence of variable wall thickness

3. Temperature influence fctor

4. Correction factor for taking into account

the influence of the mean stress level

5. Correction factor for mking into account

the mean siress level in the case of
welded, stress-relieved components

6. Load cycle reduction factor for mking

inta account the mediom of the pressune
vessel

7. Enlargement factor for mechanical

piresses beyvond vield

E. Enlargement factor for thermal siresses

beyond yvield

[

All these factors are applied by muhiplica-
tion {or division:

S=5 k k..

O the figure 7.9 the AD 52 base curve for

wilded material s shown together with

reduced curves relevant for distrct heating

S+ is the temperature influence reduction
factor, it 15 seen 1o be close w 1.

k, is the enlargement factor for mechanical
stress bevond vield. This is the Largest
of the factors applied.




LB

AD 52 1.

Stress Range, S, Nlmm?*
B

AD S2 welded K2 5=(25 10°W)'* v=1

JWG1 5=5000 N
AD 52 1%,

Figure 7.9 SMN-cumves

Apphving the reduction factors by mulnpli-
cibion means that the effect of each facior
is expected to be independent of cach
olher.

This presumplion can be questhioned, Spe-
cially the influence of the eleciro-chemical
environment has lately been pointed out os
a factor which possibly can cause a fatigue
life vime fower than expected.

It is evident that local corrosion (pitting)
will impair the fatigue life. but the mere
presence of water, the pH-value, oxygen
and hydrogen coment hisve a direct effect
alwi

The electro-cliemcal envaronment can
cause micro-crackimg {SCC), which initi-
ates fatigue cracks much earlier than ex-
pected, when the steel is subject 1o varinble
tempeTatune stresses.

According 1o Suresh [4] the presence of
water within a fmigue crack in steels ad-
versely affects its growih mites. Further-
more the frequency of the lemperature ac-
vigns affects the tigue hife. Low frequen-
cies incrense the time for environmental
interactions per stress cycle, and in this
connection the lempernture varations in
district heatmg pipes ane i the very fow
frequency range

Number of :jrt:I:;, N

According 1o an article “Stress-Corrosion
Cracking in Pipelines™ [31] high pH
cracking occur when the environment typi-
cally has a pH of near 9, Further it is stated
tha elastic stresses or stroims are WO small
to rupture the protective iron oxide film
S0, plistic strams are needed.

Baoth conditions are present in district
heating pipes. However, it iz not clear
whether the conditions apply o internal
condition in water filled pipes.

For the measuning site S/R 12 [2] it has
been reported that leaks has occurred close
1o weld seams in the return pipe i the con-
necting pipeling between main line and
consumer. In the previous 1EA project R12
had a temperature history giving the high-
est number of eveles, bt presuming a
proper design the humber was not exces-
sive for a 30 years lifetime.

However, the failure occurred after 8 vears,
and examinations of the cracks said tha
they were caused by stress corrosion
cracking (SCC). This could give an mdica-
tiom that the combination of environment
and the cyvelic temperanire actions severely
have effected the lifetime of the pipe.



Al the measuring sites SRR and 20 fow
cyvche fatigue cracking have also been re-
ported,

Whereas it 15 justified 1o use a simplified
SN-zurve for design purpeses, additional

caleulations have been made in order to
verily, that the simplified curve also can be
used for the studies in the present project.
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Figure 7.10

In figuee 7.10 the AD S2-corve is com-
pared to the “best eurve-fit™ JWG T -curve.

I a5 immediately intelligible the difference
between the two curves is small. Due to the
statistical nadure of fatigue curves minos
differences can be ignored, and therefore
the user-friendlier JWGT curve should be
used for practical design purposes. The
IWGT curve 15 wsed For the calculations in
chapter 8, 9 and 10

Other design eriterions

The present project deals mamly with the
design criterion for the steel pipes. How-
ever, when the full capacity of the steel is
ulilised it must be remembered thar oder
design critenon must be pssessed with
sme poourmey,

I, The limit stale for compressivie siresses
n the PLR foam should possibly be
graduated according 1o pipe diameter.
Experimental work |36] shows that for
sminll diameters the pipe “cuts” through
the PLIR foam after tensile fanlure luis
occurred on the backside of the pipe
For medium size pipes the failune

L]

mechanism is compression failure as
normally presumed, For large pipes the
failure mechanizm 15 shear failure ot the
top and battom of the pipe due o the
ovalisation of the pipe [24].

The commonly used methods for cal-
culating the soil reactions when the
pipes move perpendicular 1o the pipe
oxis are believed to give reasonable re-
sults in areas without road surfacing,
Some experiments [35] indicate that the
results are correct for first time move-
iments. but the following movemems
prve lower vialues. In areas withi road
surface. on the other hand, the reactions
from the soil are ofien believed 10 be
highly underestimated. It is very im-
portant that this question 15 assessed be-
fre Wigher stresses in steel and PUR are
utilised.

. In the computer models foam cushions

perform very nicely. But does the foam
cushions have the presumed propertics
in nature - especially over time? See
clause 7.4 under bends.
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Caleulation of lletime

The lifetime or the maximumm number of
full eyeles s estimated using e same 5X-
curve ond compared to the numbser of full

temperatine eveles calculated winder elause
7.4 above.

From the discussion above it s clear, that it
is crucial that the same SN-corve bs used
for caleulntion of the number of full 1em-

perature evcles and for the estimation of
lifie nme,

If the siress rmnge, 8, from the stress analy-
sis gives g maximum number of fell cyveles,
Mo and N is the number of full temperature

N,
gyveles, theei ~.—|l-'- = !- »where ¥is a partial
vy F

safety factor, normally y=5-10.



8.Calculation Examples, Bends

Thie purpse of the caleulation examples is
1o give examples of lifetime evaluation
under well-defined presumptions ¢, the
methodology in the draft European stan-
dord [ 1] as discussed in chapter 7. Exam-
ples are also given concemimg the sensitiv-
ity to variation of some of the pammeters.

In clause 8.1 the methodology of modelling
bends is discussed, and the sensitivity 10
placing of the elastic-plastic =oil springs is
examined, In ¢lawse 8.2 8 number of aiess
reducing measures are examined

8.1 Modelling of bends

An L-bend of preinsulated bonded pipe has
been examined. The pipe is lakd in com-
pressed sand without expansion cushions,

For simplicity, the stiffness of the PUR
foam is neglected. The bedding constant of
PLIR s of the same magnitude as the bed-
ding comstant of the soil. However, the
elasticity of the PUR only has effect in the
elustic range of the elastic-plastic mosel.

Imtial calculations were mbde For [¥N 150
and DNGIN pipes without pre-stressing
with pipe data sccording to wble 8.1

MWorminyl damieter 150 i1
af stesl pipa. DN, mem

Duter diarmoter 1683 610.0
of sleal pips, o, mm

Pipe wiall thicknaas, 4.0 TA
)]

Casing dusmator 250 BO0
O mm

Beend radius, & mm 390 12499
Sod cover, m 1 1
Modulus of alasticity, 2 OTES Mimm"
E

Coafficient of 12E5K'
iharmal sxpansion, o

Table 8.1 Pipe data

As shown in figure 8.1 the short leg is
fixed a1 o bength of 10 m. The length of the
long leg is adjusted to exceed the friction
length,

Figure §.1 Beam-element model of L-bend.




The prpe-soil mteraction 15 modelled using
discrete elastic-plastic soil springs both
axial and perpendicular 10 the pipe as
shown in figure 8.1

The relation between lateral pipe displace-
ment and sl restraim is derived according
1o the draft BEuropean standard [ 1] sub-
clause A23.3

The friction force s caleulated according 1o
sub-clonse A2.3.2. The friction is applicd
as springs that acts m the opposite direction
of the pipe movement in the partly resiraint
parts of the L-bend.

Followviing values are used i the caleuli-
tions;

Efective donsity of sol, 18 ki’
Friction angie of soil, ¢ 35"
Frictupn coefliceent bebaeen

| scd and PE casing. i 04

Table 8.2 Soil data

MWormally the friction coefficikent is evalu-
aed at = 04202, the lower value g = 0.2
covers long-term effects (creep and tunnel-
hing effect and the higher valee = 0.6
covers e.g. increased friction by commis-
sioning of prpes. The average value g = 0.4
15 considered 10 be a reasonable estimate
for fatigue analysis,

The pipe soil interaction is modelled as
shown in figure 8.2 and figure 8.3,

The relation between lnteral pipe displace-
mient and sodl restraint is modelled vsing a
bilincar force-deformation refationship,
while the relation between axial pipe dis-
placement and pipe to soil fraction is misd-
elled using a plastic force-deformation re-
Lationship.

In axial direction only very small dis-
placements are needed before the plastic
range is reached, The axinl displacement of
most of the pape is of lnrger magnitude,
thus it would not affect the result much if a
bilinear function was used Tor axial Tric-

tion, Caleulations show that the effect of
using a bilinear function is less than | %

Figure 8.2 Lateral soil reaction
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Figure 8.3 Soil friction

The forces and moments in the symmetry
ling of the bend are found using
RAMBOLL s beam-¢lement program
“ROR".

The stress range, ¥, 15 calculated as the
maximum von Mises reference stress for
each degree along the perimeter using hot
spot values for the stress intensification
factors sccording to draft European stan-
dard, sub-clawse A3.7.2, meihod 2 [1].

The stress range is convened 1w the
equivalent number of full load cyeles using
the SN-curve in the draft European stan-
dard, sub-clause A3.8.1 [1], see figure 7.8,

8.1.1 Spring Intervals

The perpendicular and axial soil springs in
the expansion zone were first applicd with
imtervals of 1 m.

The stress ranges, S, are caloulated for
heating in the range from O to 1 20°C. In-
ternal pressure is neglected, as it does not
contribue to the stress mnge for fatigue



analysis. The result con be seen in figure
.4 pnd figure K3,
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Figure 8.4  Stress mnge. DM 150,
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Figure 8.5 Stress mnge, DNGDD.

For DN150 there is an almost linear rela-
tionship between A7 and ¥ in the tempora-
mre range above 30°C.

For DNG600 the relationship between AT
and § does not become linear ungil tems
permures ahove 90°C.

The nop-linear curve was assumed o result
firom the discrete soil springs, and the
“stepwise” soil resistance they provide,
The point on the curve whene the Tangent
starts to decrease (AT = 50°C), comesponds
te the AT where the first perpendicular
spring next to the bend acting on the short
leg is fully activated.

In order to investigate this phenomena
Turther, two more caleulations were made
with springs applied with intervals of 0.5
and 0.25 m. see figure 8.6,

i1

Figure 8.6 Stress mnge for springs ap-
plied with different intervals,
D600,

It is seen that the shape of the curves are
highly influenced by the size of the spring
imtervals, and the curves lor imlervals of (0.5
and 0,25 m becomes linear abov'e 30°C,

It is also seen that the difference between
spring intervals of (L.25 m and 0.5 m 15
quite negligible, and using an evenly dis-
tributed soil resistance force could there-
fore be expected only 1o result in a minor
improvement of the accuracy of the results.

Reducing the spring imtervals also gives a
lower stress level, Especially in the tem-
perature range from 20 to 90°C the differ-
ence is pronounced.

Normally springs placed at intervals of L

ure considered sufficient where L is caleu-
lated Troim

| &
il ey,

where
k 15 the line bedding constant

k=27-E% (forcellength’)
‘I

]

However, these calculations show, that the
beam-clement model is very sensitive o
varintions i the imervals. 1t s concluded,
that in this particular case, the maximum
spring intérval elose 1o the bend is 6.5 m.

Figure 8.7 and figure 8.5 show the number
of load eveles that corresponds to the cal-
culated siress range for the two dimensions.




The caleulation with 0.5 m spring intervals
is used for NGO,
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Figure 8.8  Number of load cveles,
e,

The number of full load cveles for AT =
LI0C is 295 for DN150 and 2212 for
CNe00, With a partial safety factor

Fie = 5 100 10 depending on project class the
fatigue life will be satisfactory for the
DNGOD pipe in most cases, wheneas stress
reducing measures must be taken for the
LN 150 pipe.

Siress reducing mensures are more com-
monly applicd 1o the larger dimensions. In
the present example the DNGOD pipe gives
Iigher values of N bechese of the more
favourable ratio of 21, (relative burial

depth).
8.1.2 Effect of Soil Cover

In order to investigate the ¢ffect of soil
cover an additional ¢alculation an the
DMNOM pipe was made with 2 m soil cover.

Figure 8.9 and figure 8. 10 illustirntes the
differences in pipe-soil interaction with
I and 2 my sail cover:

et W & 5 WO%n oA

Figure 89 Lateral soil resction with dif-
ferent soil cover.
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Figure 8.10 Soil friction, F. with different
soil covers.

Figure 8.11 compares the results for | m
and 2 m s0il cover,
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Figure 8.11 Stress range with different soil
covers, DNGOO.

While an icreased friction force causes a
smaller expansion and therefore reduces
stresses, the incressed soil reaction in-
greases the stress bevel, and it 15 seen that
these two ¢ffects almost neutralise each
other for the dimension examined.

8.2 Stress Reducing Measures

Stress reducing mensures are analvsed by
comparizon of following altermatives.



~  standard wall thickness for bends
—  nereased wall thickness lor bends
= foam cushions

= covitles

= prebeating

The aliernatives are examined for follow-
g standard pipe dimensions and soil dia
are shown in iahle 8.3,

Homina! diameter | DNBD | DN150 | DNEDD
Diarmeler of stesl

pigHe. . W 858 | 1683 | 6100
Pipe wall

thicknass

., mem 32 | a2 i
Casing Giametss,

£. mm 160 250 Bo0
Bend radius,

R, mm 2065 o0 1525
Ultinale sod

resislance,

Py kMVm 497 | 604 203
¥ isee below) mm T 7 ]
Friclion,

F, khim 288 | 483 2065
Spring interval
nea bend, m 1 | 1 | es
Sodl cover

1o lop of pipe, m 1 1 1

Table 8.3  Pipe and soil data

¥ is the lateral movement in the point
where bilincar force-deformation relation-
ship changes fnom elastic to plastic defor-
mation (design value), See EuHP District
Heating Handbook, figure 5.3 [3]

The same beam element model as shown in
figure 8.1 is used, but the location of the
soil springs for the DNIS0 pipe close 10 the
bend are changed. [n figure 8.1 the firss
spring was applied one meter away from
the point of mtersection of the two legs of
the L-bend, but now springs are also ap-
plied 1o the endpoints of the bend. This is
also the case for the DNB0 pipe,

For the DN6OO pipe the radios of the bend
exceeds | m and therefore the first spring

&k

in the previous caleulations applied to the
endpoints of the bend.

This 15 assumed to result in o more realistic
el bl a better solution would be 1o
apply springs directly fo the curvature of
the bend

The rdisis of ihe DNGDD pipe is changed
compared 1o the previows caleulntions.

When examining the effects of stress re-
ducing measures only the stress range ol
the reference temperature 110°C and the
number of load cycles that induces fatigue
failiire, N, are calculated, see enclosure
BA

In enclosure 8A & 1s shown with o graphi-
cal presentation of the geometry

8.2.1 Standard Wall Thickness

The results of the ealculations for the stan-
dard layout divert insignificamly from the
previous results in spite of the changes
made to the model. The tendency that the
fatigue life deteriortes with decreasing
dimension is confirmed by the result for the
DNS0 pipe.

The conclusions concerning the fatiguee life
made earlier are unchanged, und the calew-
lations with the DNED pipe show that stress
reducing measures are necessary for the
smaller dimensions

8.2.2 Increased Wall Thickness

The wall thickness of the bend for DNED
and DN 150 are increased in accordance
with DI 2605 Teil 1, Rethe 4, while it s
Reabwe 3 only for DRS600,

The wall thickness is shown in table §.4,
Faor all dimensions it is an incrensa of the
wall thickness of about 75%. The rest of
the L-bend has standard wall thickness,




Diameter of &0 150 600
sbeel pipe, o, mm
Bend wall thechness, 5@ | 71 125
[.. mim

Table 8.4  Ioncressed wall thickness of

bencls

It s shovwwn that mereasimg the wall thick-
fiess ol the bend causes an mcrease v the
fatigue life. Even though the relative in-
erease of the wall tickness 15 the same for
all dimensions, there is a clear tendency
that the effect is more pronounced for the
smaller dimensions. This is suitable, as it is
the smaller dimensions, which are having
the higgest problems achieving a satisfac-
tory fatiguee life. [0t ks suflichent 1o in-
crease the wall thickness depends on the
actual number of load cveles and the safety
factor, but Ny is still ertically low i many
cases

When using a bend with increased wall
thickness, the beid becomes stronger, but it
also becomes more Mexibile, which causes
the forces and moments on the bend 1o in-
crease,

1t is generally believed that this positive
and negntive effect compensme each other,
but the calculations indicites thit this = mot
ilie case when the wall thickness is in-
crensed | series nccording to DIN 2605,
e from Redhe 3 oo Reile 4.

An sdditional callculmtaon {not docwmented
in the report) shows thst increasing the wall
thickness one imore seres cnuses larger
stresses, and therefore a shoner fatigue hife
The point with the lurgest stress then
moves from the bend to the strmght part
next 1o the bend

8.2.3 Foam Cushions

The fomm cushions are apphed 1o a length
of 2 m at both ends of i bend. In il
model this is done by changing the proper.
ties of the relevant soil springs. see mble
8.5,

The foam cushions are 40 mun thick and
has a stiffoess of 100 kN/m” by 50 % com-
pression. To absorb the rather large move-

ments i1 is necessary 1o use mare than one

layer

Criamadar of BAS | 1683 | 810
stenl pipe, ., MM

Thicknaess of 2x dx &y
faam cushions. mm 40 40 40
¥ (seeiable 8.3 m 47 &7 £
Ultemabe sail 356 | 6525 | 118
resistance, P, kN/m

Table 8.5 Soil spring properties with
foam cushions

The effect of the foam cushions vanies
much with the dimension. While the im-
provement of the fatigue life for the two
largest dimensions is about the same as
ohserved in the previous subsection, the
improvement for the DNEO pipe s quite
limited.

It is important to ensure that the cushions
are not fully compressed. because this will
result in increasing stresses. due 1o the
larger cross sectional area of the pipe and
the cushion. In practice not more than 50 %%

compression is accepled.

Because of the large axial movements from
the long leg of the L-bend, it is therefore
necessary lo apply a number of lavers, up
1o 4 layers for the DING pipe.

The use of foam cushions has many incon-
venient side effects, see clavse 7.4, bends,
Thercfore foam coshions are not a practical
aliernative when dealing with movemenis
that requires more than one laver.

8.2.4 Cavities

Creating cavities around the pipes where
they move lateral give a more flexible
svstem. and thus it is the normal way 1o
reduce stresses in non-restrained pipe
systems. Cavities are tvpically made by



making a duct of concrete or cormgme
steel elements.

A cavity is modelled by removing all soil
springs inside the cavity and replacing the
sprmngs al the miets to the cavity with k-
ernl steering guides.

The length of the cavity must obviously
vary with pipe dimension. bn this case the
length of the cavity was adjusted in order
to reinch a specilied fatiguee life, N, e
approach normally used in design.

As point of reference a length of 2 meters
ts st for the DNE0 pipe. This results ina
value of N, of nearly 4000, compared 1o
1440 for the standard wall thickness.

To achieve the same magnitude of N in
raand numbers the lengths of the caviy
was determined (by ileration) o respec-
tively 3 and & meters for the DN 130 and
the DESHOD pipe.

This shows that even a relativelv small
cawvity is a very efficient way of reducing
siresses in the bend. The only disadvaniage
15 that it 15 guite costly,

8.2.5 Preheating

The effect of prehiating with AT= 55°C is
investigated.

With preheating. the stress range 1% calcu-
lnted as twice the range corresponding 1o
A= 55°C.

Dre o the non linear AT =5 curve below
07, the stress range s reduced compared
to the mnge calculated from a

ATy = 1100

The use of preheating only causes V1o
incrense moderately, The increase 15 about
100 % for the smallest dimension. but an
increase of abowt 1080 %% is in foct just a
minar increase, |t corresponds o a 15 %
reduction of the stress mnge only,

Furthermaore, the presupposed X- A7
relationship s too optimistic for fatigue
analysis, see clause 7.3, For varying tem-
perature it cannol be expected that each
eyele will start from (0,0) in the 5. AT dia-
gram, the relationship 1s more likely to be
linear.

Thercfore it can be concluded that pre-
heating only has very little - il any - infl-
ence on the fabigue life,

8.2.6 Increasing Bend Radius

[t ks well known that increasing bend mdius
improves the fatigue life, so this has not
been examined further.




9.Calculation Examples, Tees

Similar 1o bends a number of calculations
have been made in order 1o evaluste e
Tifictome of Tees i Consumers conneclions
with different configurations and different
types of tees.

I ¢lanse 9.1 the pringiples of the model-
ling are outhined and the sensitivity of the
model o one specific effect is examined.

In ¢lawse 9.2 o number of stress reducing
measures are examined

9.1 Modelling of Tees

Branches at consumers’ conneciions are of
particular interest, as they are subject to the
largest number of temperature variaticns,
especially the neturn pipe.

For the preliminary modelling a branch is
considered where the run pipe of the tee is
fixed in the axial direction. The branch is
located in the panly restramed part of the
main pipe. which means, that the axial
stress of the main pipe is moderate. The

P
1

3

axial stress from heating i the main pipe s
modelled by applving an axwml force,

e beam-clement model 15 shown in fig-
ure 9.1 The full line represents a layoul
ised s reference in clavse 9.2, The doted
ling shows the variation of the geometry
colled “fly leg”

In the reference lavoul o standard prefabi-
cated preimsulated tee is used where the
branch connects to the mam pipe i an an-
ile of 457 as shown.

The pipe-soil interaction 15 modelled as
described in cluse 8.1 with the same soi
ilana,

The section forces and moments at the
branch and run pipe of the tee are found
using RAMBOLL s beam-element pro-
gram “ROR™.

The stress range. 5, i= calculmed as the
maximum von Mises reference stress.
Stress intensification factors according to
5448 [8] and the draft European standard
[ 1] are used.

Figure 9.1 Beam-glement model of a consumer branch connection



Thie stress range is converted Lo the
cquivalent number of full load cveles using
the SN-curve in the draft European stan-
dard 1]

The methed of calculation s covered in the
EuHP District Heating Handbook [3] sub-
clause 6,7.5, and a detailed example of

calculntion can be seen m clavse R4 in the
hamdbook.

9.1.1 Quality of Model

[nitinl calewlations were made on a D3NS
man pipe with o DN branch pipe with
i pre-stiessing with the geometric data in
table 9.1

The miatecial data are the saitie b used for
bends, chapler 8.

Mamn Branch
pipe
Nomenal diarmeter an i H
ol aseed pipe
s rmm
Chstar dimrmebes 888 288
ol sieel plps
& mem
Wall thickness 32 2.0
fa. MM
Caging deimeter 160 B0
£, mm
Bend radius . 575
8 mwn
Soil cover 1 0825
Z m

Table 9.1 Pipe dotn

Preliminary it is examined i it has any
effect on the results if the length of the
main pipe 15 vaned between 4, & and 160 m.

In figure 9.2 and 9.3 it is seen that the
length of the main pipe has a significant
mflueence on thie result,

The stress mnge increases with decreasing
length of the main pipe. The branch affecis
the main pipe with o torsional moment.
With a longer main pipe. the resistance
against torsion becomes smaller and the
siresses iy the fee decreases,

This indicates that the consumer branch
connection cannot be considered isolated
froam the rest of the system, but il doesn't
seem reasoiible that the branch is affected
of the geametry of the main pipe for away
fram the branch.

Similar to the soil resistance against axial
movement of the pipe. the soil also pro-
vides resistance agamst torsion. This effect
s titmally not mcluded in the modelling.
but these caleulations indicate that it should
b included, and doimg so the model would
presumably be much less sensitive to the
geometry of the main pipe far away from
the branch,

To construct o realistic model of the soil
frictional moment based on theoretical con-
siderations is however quite difficult, as we
are dealing with very small angular move-
ments of the mam pipe (considerably less
than 1%). A way to assess this effect wounld
be to perform o series of practical expeni-
ments,

The effect is omitted in the following cal-
culations, This means that the caleulmed
stress level as seen will depend on the spe.
cific geometry of the pipe system near the
tee, and it is therofore not possible to carry
oinl general coleulations that are ¥alid in all
situalions.

In the draft European standard subclause
ALGD Nexability factors are mcluded Tor
the connection branch and mam pipe.

These factor should be used with caution.
especially if the wrsional resistance of 1the
main pipe 15 mof dealt with in detail.
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9.2 Stress Reducing Measures

Following lnyouts of the beanch connection o Reference lavout with foam cushions on

s been examimed: main pipe (figure 9,11}

o Reference layou (figure 9.6) For each lavout different tvpes of 1ees have
o Branch with "My leg® i figure 9.7) been applied. see figure 9.5,

+  Vertical branch (figure 9.8)

o  Branch with fixpoint (Aigure 9.9) The problem concerning the stiffness of the
»  Horzonial branch { fgore 900 mamn pipe, €L subelpuse 9.1, 1 15 dealt with



heere by sing tvpical values For the dis-
tance I: s¢e Dgure 9.4, fable 9.4 and 9.5.

Ding so, the calculntions can be used 1o
eampare differem lavouts of the branch,
although the absolute stress level is subject
10 Some uncertpinty

The caleulations are performed with an
axial stress of

- 150 Nimm' corresponding to s position
i e pantly restrained part of the main
pipe. _

- 200 N/imm" and

- 300 Nimm® corresponding 1o a position
in the fully restrained pan of the main
pipe.

9.2.1 Pipe Dimensions and Geometry

The calculations are performed with a
DNZONDNED, a DN IT00/DN 100 and a
[INASOVIINASD e, The first one i a fypi-
cal branch connection o a large consumer,
while the two others are typical branches in
distribution pipe systems

Pipe data are shown in table 9.3, geometry
in tble 9.5 and the beam-element model in
figure 9.4,

The support of e main pipe at one end s
fixed in horizontal and vertical direction.
The suppori is free 1o move i axial direc-
tion for application of the axial force.

Main pipa / branch DMDN BO0 2HVED 1000100 4500450
Mominal deameter | Main pipa mim a0 200 100 450
af steel pips, DM Baamch mim 20 a0 100 450
Outer diameter Main pips i BB 5 218.1 1143 4570
of sheel plpe, d. Branch MU 269 BR.A 1143 457 .0
Pipse wall Masn pipe i 3.2 4.5 38 B3
thickness, {. Branch mem 20 3.2 8 6.3
Casang diamater, Main pipe muT 180 315 200 830
fr 8 Branch T =i 180 200 530
Bend radius, R Branch mem 55 205 210 1122
Table 93  Pipedata
& - J y, . 5
1 P qﬁg &
i "
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Figure 3.4 Beam-element mode|




The values of L; i toble %5 are estimates
hased on experience.

To determine a realistic value for L two
district heating pipe svstem in Copenhagen,
Drenmark and in Pundang. Korea are ama-
Ivsed 1o detenmine the avernge distonce
from tee to tee or tee 1o bend. The resulis
are shown in tahle 9.4,

The registration shows somilar condilions
i the two investigated arcas and almost the
same average distance between tees or
between tees and bends.,

The average nominal pipe dimensions in
both places are very close to the
DNZ00VDNED branch connection and L is
therefore set 1o half the average distance

between tees of betweéen bees aind bemds for
ihi= dimenseon (=25 m)

This value is also used for the dimensions
D LIS 100 e EYNASIVTING S0

For the smallest dimension L. is set to 10
m, ns this is considered a realistic vahee for
a resadential anen,

£ 15 set m pecordance with the minimum
distance between a bend and an anchor
recomimended in a tvpical supplier’s cata-
loge,

L, and Ly are set in accordance with a stan-
dard preinsulated bend from the same sup-
plier,

Place Copenhagen Pundang
Tarnby Sasgh
Denmark Korea
Mumiber of imesigated tees 80 51
Max nominal pips dsmension 500 mm 700 mm
| Min. nominal pipe dimansion 40 mm 25 mm
W nafringl dimgnion of main pps 251 mm 198 mm
Average nominal dimension of branch 71 mm B8 mm
Average distance from lee io tee or bend E3m S0 m
Table 9.4 Distances from tee 1o tee of bend
Main pipeibranch Gr/OM 8070 20080 100100 450450
Ls m 10 30 30 a0
Ly i 10 25 ] 25
Ly m 1 2 25 &
L m Z 2 2 £
Ly (a1 2 2 . i
H m 0A7E 02875 0250 0 B30

Table 9.5 Geomemne data

9.2.2 Tees

The caleulations inglude three different
tvpes of 1ees with varintions n wall thick-
ness, The different stress ntensification
faciors can bee seen in the draft European
standard, subclause A3 7.5[1].

These stress imtensiflication [Betors are
mainly based on finite element modelling
{FEM} in the research project [19].



The resolis from these FEM-calcalations
are converted into practical rules-of-thumb.
wiinch should be used with cawtion. The
proposed methodology refers all stresses to
thi samie point on the tee (1he saddle poim
on the side of the 1ee). For most load cases
the maximinem stresses will ocear i tias

povint.

However., for in-plane bending with a lagh
morment in the branch (e.g. where the main
pipe has large axial movement ) the highest
stresses will oceur in the Wop point. Recent
calculations seam W indicate that stress
intensification faciors used for this load
case are oo small

Extruded e

15 made by forging a collar onto the ren
pipe by pulling a ball through a hole which
is smaller than the dinmeter of the ball, The
collar is then welded onto o transitional
piece with increased wall thickness.

The calculation is made on an extruded tee
with standard pipe wall thickness of both
barmnechy and main pipe.

Welded ree

also sometimes designated a fabricated tee.
It is made by welding the branch pipe di-
rectly to the run pipe. Welded tee without
reinforcement have not been considered, as
it is considerably weaker than the extruded

tee, and it is seen that the use of an ex-
iruded tee without reinforcement resulis in
an unacceptably low number of N;. Instead
calculations are made with a welded tee
with reinforcement plate around the mn
pipe. The wall thickness of the reinforce-
mient plate is the same as that of the run
pipe, and it is modelled by increasing the
wiill thickness of the run pipe locally.

Weld-in 1ee

is normally made by forging, and the for-
mulas are npplicable for dimensions ac-
cording o 150 3419 or DIN 26135, Againa
DIN 2615 Teil 1, Reihe 4 weld-in wee
where the wall thickness of both the branch
and the main pipe are increised is chosen.

Extruded tee with increased wall thick-
s

A caleulation where the wall thickness of
both the branch and the main pipe are in-
crensed is also made. They are increased (o
ihe same viilues as a DIN 2615 Teil 1,
Reihe 4 weld-in tee to facilitate compari-
w00,

Welded tee with increased wall thickness
A caleulation where the wall thickness of
both the branch and the main pipe arc in-
crensed, according to a DIN 2615 Teil 1,
Reihe 4 weld-in tee s made,

Main pipebranch DTN oo 200480 10000 | 4500450
Hormal wall Main pipe mim 32 45 316 8.3
thickiigss Branch i 20 32 18 5.3
Resnforcement Main pipa fmm G4 8.0 T2 128
plate Branch i 20 iz 6 6.3
DIN 2615 Main pipe mm 55 8.0 6.3 142
Foaitany 4 Branch mm 3.2 5.6 63 14.2

Table 3.6 Wall thickness of tees

L



‘ Extruded tee with standard pipe wall thickness

J Welded tee wilh reinforcemeni plate

& DiX 2615 Tail 1, Rethe 4 wald-in fes

iL, Exiruded 128 with increased wall hickness

l—& Walded ea with mcreased wall thokness

Fipure 9.5 Symbols used for the differemt types of tees

9.2.3 Soil Mechanics

The modelling of the prpe-soil mteraction

is the same as in chapter §.
The soil cover (measured from centre of
the main pipe) i set at | m for the three
smallest dimenswons, and the soil cover off
the branch is determined by the geometry
of a standard preinsulated tee. The use of

I m soil cover for the large dimension

{DN450) would result inan unrealistic low
soil cover of the branch, and 1 is therelone
increased to 2 m.

The soil data are presented in table 9.7,

kain pipafbranch DHDM BO"20 200780 1004100 | 450/450
himin pips 4 m 1 i i rd
Pa ki 45 4 B85 513 Z74.1
¥ FrETi T ¥ L 15
Wit foam- [ kMim Z6.8 454 -
cushions ¥ Tem iy a7 - -
Branch Fa m 0825 0713 0750 1320
Pu kNim 243 28 248 158 4
¥ T i] 8 & 10
F kMim 1.7 1.688 283 15.00

Table 9.7 Soil data

b5 |



9.3 Ewvaluation of Results

The results are presented in enclosure 94
{ 150-200 Nimm- ) and 98 (300 N},
wilneh show N in comnection with o
graphical presentation of the geometry.

In the IEA project [2] a maximum number
of full temperature cveles was calculated to
379 {entrapolated 1o o peniod of 30 vears)
based on mensuremenis in the retum pipe
of 8 consurer branch connection

(3T = 1I0FC, b = 4)

In the present project the maximuim meas-
ured values are Vo = 728 (R 1K) and
No = 6T8 (R20) (AT = 1HPC, b =4),

According 1o the drail Evropean standard
the partial safety factor = 5-10 depending
on project class, As consumers connection
typically will be in the lowest class (project
class A) the lower limit for the design
valioe of full load cyveles will be

5728 = 3640 evcles.

It should be noted that the value of 728 is
from one particular project, and it is possi-
ble, that a higher number could be meas-
ured elsewhere, bint this value 15 considered
the most realistic for the time being,

9.3.1 Reference Layout

Figure 9.6 Reference layout

With the reference lavoul calculanons an
all the dimensions and the five differem

i

tees (see Ngure 9.5) has been carried out
with a normal stress of 150 N/imm® and 300
N/mm’ in the main pipe. For two of the
bees caloulation his also been made with a
normal stress of 200 N/mm’

The calculations with the extroded tee with
normal wall thickness again show too low
N, for all dimensions to be acceptable for
practical use. The fatigue life deteriomtes
with increasing dimension and N, reaches
walues as low as 23 (150 N/mm’) and 7
(300 Nimm ') for the DN450/DNA50 we.

The use of a welded tee with reinforcement
plate to some extent improves the fatigue
life, but & is still oo low. The improve-
ment 5 burgest for tees where branch and
main pipe are of same dimension. In fact,
the reinforcement plate halves the normal
stress in the main pipe, and 1t seems rea-
sonahle that the tees with the largest
branches relative to the main pipes is most
sensitive to the magnitude of the normal
slress.

The last theee tees differs in type but the
increased wall thickness of both the main
pipe and the branch is the same. therefore
the calculations with these can be used to
illustrate the effect of the different stress
intensification factors used in connection
with the differem tvpes of 1ees.

It is seen that the fatigue life is highly de-
pendent of the chosen type of lee.

The DIN 2615 Teil |, Rethe 4 weld-m ice
I# seen 1o cause a pronounced improve-
ment, and the fatigue life would in most
cases be satisfactory for the pipe in the
partly restrained part of the main pipe {150
N/mm®), With the pipe in the fully re-
strained part {300 N/mm} N, is unaccepta-
bly low for many cases. therefore a larger
wall thickness is required

Using an extruded 1ee with increased wall
thickness also improves the fatigue life, b
the improvement is significanmiy smaller
than withi the weld-in 1ee. The fatigue life




{with 150 NJmm®) would never the bess still
be sntisfactony in many cases.

The welded tee with increased wall thick-
ness results in 8 much smaller improve-
ment than the other two, and it docs not
sgem 1o be o useful alternntive,

It i seen thnt the relative effect of using a
MM 2615 Teil 1. Reile 4 weld-in tee com-
pared tovan extruded Tee with normal wall
thickness is largest for the IN4SVDNASD
dimrension.

Tnis 1% due to the Tact thot the normal wall
thickness of the DN4SIVDNASD tee only
relates o Reihe 2, where i1 15 Reihe 3 for
the others (except the DN200 main pipe
that is also Reihe 23, This means that the
relative incremse of e wall thickness is
largest for the DN430DNSS0 ree.

9.3.2 Fly Leg

Figure 9.7 Lavout with “Mly leg”

The calculations with the “fly leg” are
made with dimensions DNEODN20 and
DMNZO0DNED and with three different tees:
Extruded tee with normial wall thicknizss,
welded ree with reinforcement plate and
DIN 2615 Teil 1, Reihe 4 weld-in 1ee.

As seen earlier the “fly leg”™ is a very ef-
fective way of increasing N},

The weld-in 1ee results in valoes of N,
which are acceprable for practical use even

il an exceptionally high number of tem-
perature variations are expected o occur.

With the low axinl stress and the largest
dimension this is also the case for the
welded tee with reinforcement plates. In
the other cases the evaluation of the fatigue
lifie 15 more dependent of the expected
numiber of load eveles and the safety factor,

The renson whv the relative difference
between the two dimensions s reversed
compared o the caleulation with the refer-
ence geometry is of course that £, differs
while L, 15 kept the same for the two di-
mensions, se table 9.5,

9.3.3 Vertical Branch

I
Figure .8  Yerical branch

The caleulations with the verfical branch
are made with the dimensions [YE0TN 20
and D200V DNED and with two different
tees: Extruded tee with normal wall thick-
ness and DIN 2615 Teil 1, Reibe 4 weld-im
fee

This geometry has an unfortunate effect on
the fatigue life. The deterioration is espe-
ciglly propeunced for the large dimension
ns Ny be, with the low axinl stress decreases
from 58 1o 10 by imcreasing the angle from
457 o 07 {extruded tee. normal wall
thickness), Also with the weld-in tee, X is
lowered significantly toa value that could
be crtical especially for the large dimen-
SHHI,

L1



The 907 bend next fo the tee s more Nexi-
ble than the 45° bend. This bend and the
bend next 1o the consumer abaorb the acinl
mavement of the braneh. Making it more
Nexible calises more MOoVement 1o 2o io-
wards the ree insead of wwards te con-
sumer, dand this contribulies 1o the infensifi-
cation ol the stress level.

Even though it 15 on slender grounds, these
caleulations strongly suggests that the 45
bend i to be prefemed instend of the 90°
bend

9.3.4 Branch with Fixpoint

i-'igurt 0.9 Branch with fixpoim

Calenlntbons with this geometry are made
for the saine dimensions and tvpes of fees
as i the previous example.

For the large dimension the length of the
branch is set to 30 m. For the small dimen-
sion the length is set to 10 m.

It is seen that this geometry, as expecied, s
crucial for the fatigue life of the
DNZ00VDNED tee. Even with a DIN 2615
Teil 1, Reihe 4 weld-in tee the fatigue life
is unsatisfictory for most practical use.

Twpically it is recommended that the length
of the branch does not excesd 12 meters,

The fatigoe bife 15 also shortened consid-
erably for the small dimension, In spite the
fnct that the geometry is in compliance

u

with the suppliers recommendations, the
use of o DIN 2615 Teil 1. Reibe 4 weld-in
tee only just results in a safety aganst fa-
tigue failure that would be nocepted in

SN CASTS,

I Face, this geometry results i the lowest
Ay ol all the geometries considered. A ge-
ametry where the only possible expansion
is towards the tee conmot on this basis be
recomuemended

9.3.5 Horizantal Branch

Figure 9.10 Horizontal branch

Calculations for this geometry are only
carried out with the smallest dimension and
with two different tees: Extruded tee with
nermial wall thickness and DN 2615

Tedl 1. Reilie 4 weld-in tee.

Except for the “Ny leg”™ caléulations this i
the geometry where the highest values of
N ore atiained.

With this geometry, there is no bend next
to the tee, which means that most of the
movement goes lowards the bend next 1o
the consumer. Funthermore, there is no
bending moment on the branch of the tee,
which is a pant of the reason why the stress
level is so low, Instead there is a large
sl Torce an the branch, but this seems
to be less critical for the “hot spot™ than the
bending momenis,




It has been considenesd whether the caleula-
tions for this geometry result in the actual
GRERATH T R

The methodology asswmes that the maxi-
ik stresses from internal forces occur i
the vicinity of the saddle poimt of the tee.
and if this specific geometry resull ina
different “hot spot™ ths is not taken into
account,

Even if the resulis are corneet and the fa-
tigue life with this gesmetry is favourable,
there is one obvious practical problem con-
mecting to bath the supply and the retum
pipe in this manner unless the supply and
retum pipes are placed under and above
cach ather,

9.3.6 Foam Cushions on Main Pipe

Fipure 9.11 Foam cushions on main pipe

Caleulations with foam cushions are only
carried out with the extruded iee with nor-

mal wall thickness and with the dimensions
[PEODMN 20 and DMN200/TINED

In this example the cushions are applied 1o
the main pipe (over a length of 2 meters).

It is seen that the effect of the cushions
depends of the dimension. For the small
dimenswon N = meneased from 165 to 309
and Froem 75 10 124 for the low and the ligh
axial stress respectively, but & is practi-
cally unchanged for the lnrge dimension in
both ciases.

In faci A is slightly decreased which is duc
1o the discrete soil springs that in this case
are applied with an interval of 3 meters

The custiong have the unfortunate effect
that the neutral point of the brunch moves 3
meters towards the bend nest 1o the con-
sumer. This menns that the tee must absorb
the movement of three mode meters of the
kranch and this effect overrules the positive
effect of the cushions.

It is possible that some positive effect
could have been observed if the cushions
hnd been applied 1o a longer part of the
DN200 pipe. But the calculation indicates
that the effect probably will be limited with
main pipes in larger dimensions, which are
very rigid compared to the smaller ones,
where o clear effect has been seen.

Regarding the hniitations in use of foam

cushions see clause 7.4, The lomitation
mentioned for bends also applies to fees.

]




10. Bevel Welds

To determine the maximum number of full
equivalent load cyeles for pipes with small
angular deviations (bevel welds) three dif-
ferent approaches to this problem have
been compared, namely;

I, The Damsh code of pragnce, D5 448,
18]
The draft European standard. | ]

1. A theoretical method, based on ihe
formulas for an infinite bepm on elastic
foundation, [34].

2

10.1 The Danish Code of Practice

Figure 10.1 Bevel weld

In the Danish code of practice, DS448 the
stress intensification factors for axial
stresses from normal forces is given by

b=k k

where

k=0.9-[@] (k=1)
_r_

Fe is the mean radius of service pipe
[ is the wall thickness
28 isthe bevel angle

s

k, =1+2-
i,

for buried angles

where

ﬁ=§!T-r

4E1

K is the modilus of soll (N’
A‘ = .ﬂ'. * il

where

i the outer diameter of casing
iy s the secamt gradient 10 the
force/defection diagram of the la-

eral movement of the pipe in the soil
The gradient can be calculated by

A =2.ﬂ-%

where

P and v, are cakculated comesponid-
g 1o the current matenial and ge-
e Y.

Stress from bending moments is ignored in
stress range analvsis (but is included in the
stress intensification factor).

The design fanigue fgure {lomit state) for
axial stress is

151107
T.'— (b=3)

I

My =

The load carrving capacity is determined
using the Palmgren-Miner rule,
% ﬂ" I <
= n
n il

where ;= 0,15 for normal safety class.

10.2 Draft European Standard

Stress imiensification factors are for axial
stress from normal forces and bending
mement:

b = = |+ .65 |% ¢ tam iF

where

iy i% the outside dinmeter of service
pipe

fa is the nominal wall thickness

28 s the bevel angle

far @b i miist o be vialued lower than the
value for bull welds, which is




i =he=09+27

whiere

do 15 the maximum mean dumeter of

mipe

iy 1% ihe minimum mean diameter of

pipe

I i = e = 2.0 1amm, thien 2.0 mim is

i,

The stress concentration factor proposed in

the draft European standard [ 1] presiip-

poses that the angular deviations are lim-

ited according o following mble:

Maxirmum lempera- | Maomum angular
tute difference dimvisbican
ol K 2
100 K L
110K 05"
=110 K 13

Table 10,1 Maximom angular deviahion

An installation toderance of + 0,25 on the
above-mentioned deviations is accepted.

For deviations larger than stated in tabie
10,1 local buckling can occuwr due 10 large
axial compressive forces. This effect is not
included in any of the three design meth-
ods.

The design fanigue Rgiane {(imit siate) for
nxial siress 18

o [ 51]]1]']
&

For project class B, the safety foctor is 6,67
{ ¥iw)y and the load carrying capacity is de-
termined by

M I
L = ],
L N 667 15

b the same safery level as for D5448,

10.3 Theoretical Method

I @ small angular bend, the normal force in
the pipe couses o force in the direction of
ihe bisector. The size of this foree s

=2 N-zind

where

i is half the deviation
N i5 the normal foree in the pipe

A pipe with a small angular bend can be
calculnted as a straight beam on elastic
foundation if this force 15 applhied.

The formula for the maximm bending
moment is (Roark & Young: Formualas for
strgss and stroon [34] )k

where

K
P=\am

K s the foundation modulus (as for
[5448)

The maximum axial stress from bendimg
moments is found from

5=

N sind
& = ——Tr=————=r
w

3 g
i ¥ T

The tomal axial stress is

S =8, +5, =N | 4—08

ol 2
fed; o i
10.4 Examples

The differences between the 3 methods are
illustrated in the following examples

k&



Two pipes (DNTSZS0 mm and 4000520
imin ) with bevels between | and 5 deprecs

have been calculated according to the 3
methods

For all 3 methods, input data are identical:

:I[H.I'I'I'IE[H CALING. mm ISD! 250|
Cipmeter of pipe, mem 1EE..‘.1I 406 4
Thickness af pipe, mm &, 63
E-stesd, Nimm’ 2 10E+5{ 2 10E+5|
Dapth of pipehine, m 1.0 10
Sand. angle of inction 36 deq. 35 deg.
Sand, modulus of

1o (K], 3.9] 10. 76|
MNm'
ar 20'c 90°C

Tuble 10.2 fnpin data for model

For simplicity, no intermal pressure has
been applied. This means thit the actual
load carrying capacity for a pipeline will be
smaller than in these examples, but the
differences between the methods will be
the same.

The results are illustrated on figure 1002
and 103, The curves Koak/DS and
Roak/EMN show the results from the thieo-
retical methods with limaf states from
5348 and EN (the draft European stan-
dard) respectively.

Comments on the calculations aml
meihods
- % 448K:
The infuence of the soil stiffneds s
included in this method.
The SN-curve includes a butt weld.

- Diraft European standard;
The stiffness of the soil has no influ-
enee,
The SN-curve mcludes the effect of
fi Tkt weld,

= Theoretcal:
The efTect of batt weld s not 10-
gluded,

10.5 Conclusion

As seen on figure 10.2 and 10,3, the cakeu-
lations according 1o the draft European
standard leads 1o o substantinl higher load
carrying capacity than the formulas from
[35 448 and the theoretical method.

[t shall be woled thit the values for the draft
European standard have been calculated for
angles up 1o 5 degrees for comparison. This
exceeds the proposed limus for the maxi-
mum angular deviation of 2 degree ot
Al'=9 K.

The formulas in the dmft Evropean stan-
dard and the DS448-formulas include the
effects of the bum weld, which always will
be present in a small angular bend. 11 this
effect 15 added in the theoretical method,
the differences will be even higher

The formulas from DS 448 give for most

angles a higher load carrying capacity than
the theoretical method.

Mone of the 3 caleulstion methods mdi-
cotes that there should be any fatigue
problems with small angular deviations in
the range of 0-2 degrees if local buckling is
avpided.
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Figure 10.2 Load carmyving capacities for DN1500/ 250 mm pipe

N, Fatlgue numbar

24, Bawid angle
Figure 103 Load carrying capacities for DN 400 / 520 mm pipe




11. Symbols and Definitions

11,1 Symbols

f

L 5
i,
il,
E
F

kg
fl
",

ATy

Logas

0

exponenl, slope consiant in fstigee
curve

coastand

otter dimmeter casimg

outer dinmeter steel pipe

maodulus of elasticiny

axkal friction forge

siress intensity factor

number of stress variation

number of stréess vanahons with the

temperature range, AT,

number of full eveles

number of eveles to failure
mumber of full cveles with ampli-
tude AT,

number of full temperature cvcles
with amplide A7

dltimuate sodl resistance

fine bedding constant

SITCss I'ﬂl1lt-l:

MaAxImun siress mnge

bend radins

wall thickness steel pipe
lemperature

ML e el

depth of bunal to middle pipe
lemperalure range

reference temperature

coeilicwent of thermal expansion
sirain

partial safety fuctor, effective den-
sity of soil

friction coefficient soilPE
friction angle of soil

normal stress

stress amplitade

[ ——— e ——




11.2 Definitions

Action/loud
Action isa st of concentrated or distrib-
uted forces acting on the pipe system

{ loroe-contralled action), or the cause of
imposed deformation in the system (defor-
matici=conirolled action)

Actiop! -

An action cyele 15 an impact an a given
SUEss range. Anaction cycle comprises a
full action course {which is twice the action

amplitude calculated from an average
value),

CEN

Comute BEurapdéen de Monmalisation,

The European Committee for Standardisa-
TAI

Dresagn femperature
The maximum temperatune used for the
design of the pipe svsiem.

L] ool
Action caused by enforced deformation or
movement, ¢.g. thermal expansion,

Fatigue strength

The stress range of constant magnitude
(constant amplitudes of evelic siresses and
strains} which, wnder ihe given circum-
stances, induces fafigue failure.

Ferce-controlled action

Action which maintain its size irnespec-
nvely of the deformation of the structure,
e, pressure and welght

When the siress amplitude is less than
wice the vield siress the problem is re-
ferred to as high evele fatigue. The number
of cveles will typically be abave 10°, In
high evele fatigue cracking will occur due
1o stress (nilure.

WG

Joint working group under the echmical
committees CENTC 10T “Preinsulated
bonded pipes for district heating™ and
CENTCIA7 “Industrinl pipes and pipe-

L]

lines™,

When the formal stress range is more than
twice the vield stress the problem is re-
ferred to as low cyele fatigue. There will be
vield during each full eycle and cracking
will occur die 16 straim failure.

Sirgss range

The difference between maximum stress
and minimum stress for one simgle load
eyele (the stress being computed with pre-
ceding sign).

Temperature history

Belonging values of cveles, n,. with tem-
perature differences AT, typically sorted
pecording to increasing AT,

Jemperature range

The absolute value of the difference be-
tween the two extremes of temperature
pccurring during a cyvele.

KT
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S18, Top of the pipe
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Enclosure S18 D

S18. Wednesday 30/7- 1997
The day of the peak. Close-up, 4 hours around the peak.
Below: Difference (top — underside) Below: Difference (top - underside)
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Close-up of comparable return temperatures.

The lighter shaded curves belong to the temperature on top of the pipe.




R18, Top of the pipe
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Enclosure RIS A
R18, Underside of the pipe
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Enclosure R18 D

RIS, Friday 10/10-1997

The day of the peak.
Below: Difference (1op - underside)

Close-up, 4 hours around the peak.
Below: Difference (1op — underside)
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The lighter shaded curves belong to the temperature on top of the pipe.
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Enclosure 519 A

519, Top ol the pipe
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Enclosure 519 D

519, Wednesday 11/6-1997

The day of the peak.
Below: Difference (top — underside)
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The lighter shaded curves belong to the temperature on top of the pipe.
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R19, Top of the pipe
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Enclosure R19 A
R19, Underside of the pipe
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R 19, Sunda

Enclosure R19 D
13/6-1997

The day of the peak.
Below: Difference (op — underside)
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The lighter shaded curves belong to the temperature on top of the pipe.
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Enclosure S/IR19 F
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Enclosure S20 A

S20, Top of the pipe
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520, Underside of the pipe

Enclosure S20 A
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Enclosure 5200 13

§20, Thursday 7/8-1997

The day of the peak.
Below: Difference (top = underside )
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The lighter shaded curves belong to the temperature on top of the pipe.
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R20, Top of the pipe
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R20, Underside of the pipe
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Enclosure R200 1)

R20, Friday 25/4-1997

The day of the peak.

Below: Difference (top — underside)
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Close-up, 4 hours around the peak.
Below: Difference (top - underside)
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The lighter shaded curves belong to the temperature on top of the pipe.
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Enclosure S21 A
521, Top of the pipe
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Enclosure 521 A
321, Underside of the pipe
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Enclosure 521 13

521, Wednesday | 1/6-1997

The day of the peak.
Below: Difference (1op — underside)
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The lighter shaded curves belong to the temperature on top of the pipe.




Enclosure R21 A
R21, Top of the pipe
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Enclosure R21 A
K21, Underside of the pipe
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Enclosure R21 1)

R21, Wednesday 18/6-1997

The day of the peak.
Below: Diflerence (top — underside)
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Close-up, 4 hours around the peak.
Below: Difference (1op — underside)

i B e

'.“. l ]|'

J I =S
!.1_"#-%-“ AV Vo |
1

E

[I—

SR [ .

Supply temperatures for comparison.

et R R Sl R by

Lo\
I

Close-up of comparable supply temperatures,

| I w2 W
- e

| 1_,.;411,\_‘_[ 'Jl'""_ e
L

The lighter shaded curves belong to the temperature on top of the pipe.




Temparalure [0

Temperatura [*C]

Enclosure S/R21 E
521 B2

Difference between upper and lower side of the supply pipe (lop-underside)
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Enclosure S/R21 F
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Enclosure 5/R21
S21. Monday 1 1/8-1997
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Enclosure S/R21 H
521, Sunday 7/12-1997
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120

==

i)

1

521, Monday B/12-1997

Enclosure S/R21 1

L]

R21, Monday 8/12-1997




Enclosure 5.1

[T
Lirumar
DR
1455
412

“‘—. J i of off v @ wfl il o = w] 6} u} =

e | 7@ | mn
=0
a1
|
i
5
B
&

1581

oA, W
1518
475

17
)
anr
100 |
197
127
]
x

it - JRAE <] o] o < ¢ of o] of = & «|H

HEEEENEEEE

i3
| B8
| a2w
ZHIE
e
1388
| T
TE8
| Skl
| ==
17
1]

)
SAELN | Sa=oe) | | S0 | B i3] )

e | T | oy

point

20043
1o
L8
A
L J
W1y
BEE

Fing

Measu

s || axa | 3oa | peeen | puams

L]
LI

[
L

Lok
=N
B
T8
i 4
TaH
_So6
E:
411
35|
'I_:I':I'
150
17
=
i
0
5

KN
| o
Tk
TS
=N
[ |
[ == |
40
XA
0t
L=l
pul
&7
157 ]
131
a7
n
x
£

[ 2000
Lr ]

Lt e O e ]
5117
7
2|
40 |

vec | v | e

EIN
Top

I
i
gy
|
o
=
K- =
48
s |
a
=
.
L
12
=
-
B
-

i)

]
[ L |
R G | STHTAG) S0 3000 BN D) ERln0 | G G BT ) (e TOATIE) | PS0TT ) SRR 112006 1o
gl

BN
—

[ 5n
]
(e
zie
154
154
o]
5
2
ﬂ
an

L s O
a

na
Lingis

Al
Fap

Bl
L)
&35 | a3 | B | BadoT

i ]
T
n
151
i)
|
L
a1
n
n
!

Ruange

10 | 778 | a0
il
=
e
s ]

F
4
i
]

o 2| =| =l 2l o x| =| & o] ] x| m| 8] | 2| 3| 9] =] @] o] x| 5| =] o] ] 3| | ®| o] ] ] ] e
| B | b

1

153
LT
104

130




Locanon b MoRswEmng parnd | i ol 1l oysles
in 30 years
dayn OTret=110 *C
518 Top 3.0 540 204
| 518 Top 4.0 3546 20,5
E18 Top 5.0 354.6 14,1
10 Uinder 3.0 3545 ]
S 18 Uindmr 410 a54 -0 0.5
10 Uincle &0 AL G 4.1
H18 Top Ti] RETON SOED
HIR Top 4.0 46T Td7.2
R16 Top 5.0 3467 316 8
A8 Unedar 3.0 3545 FE W
AE Unger| 4.0 3546 06,1
ATE Undot 5.0 3544 2002
510 Top a0 LR 80,0
S10 Top 4,0 360 40,7
S8 Top 5.0 34632 1%
(519 Under | 30 5214 1890
Si0 Undel | 4.0 27 A 3.0
ET 5.0 A7 6.7
Hid Top A0 RTT aTd 2
F18 Ta 40 34627 TEE]
Fig Top 5.0 R 533
(R0 Unsar | 2.0 RE TR 040
[(RigUncar] 40 D462 143, 1
AG Unaer| 5.0 3402 56,0
Szufop | a0 3708 A]
520 Top 40 3708 253
520 Top 5.0 3708 13.0
H20 Under 5.0 3700 704
S20 Uinadwr 4 1F a0 E"'E-;I:l
520 Undar | 5.0 ATO.R 134
[ FeoTop |30 70,8 2504,
Fz0 Top 4.0 IT0.8 [(FLF]
20 Tap 0 aAT0N FLFE]
(20 Unagsr| 3.0 3708 2B65.3
[R20 Under | 4.0 3708 7903
A20 Unager | 5.0 AT0.8 2571
T21 Yop 30 3450 AT
521 Top 4.0 3450 13.2
1 Top 1] 3456,8 (¥
521 Undar 5.0 AL 0 305
521 Under | 4.0 345 0 13,8
1 Unger 50 3458 A1
R Top 30 - LT 0,4
AZ1 Top 4.0 345 4 55
R21 Top 50 a5 0 1.2
(21 Under | 3.0 345 4 30,8
RZi Under| 40 345 9 5.6
A2t Under| 5.0 345 9 12

Enclosure 5.2



e

Mormal wall thickness in benad

Mumber of koad eveles to induce
fatigue milore, AT, =110°C

[N ED ERIED

D600

140

19

1961

Increased wall ithickness in bend

]

925 T 3440
I , e I
With foam cushions (Mol wall thickness in bend)
| A 393 T4 2755
+ pr—
2m

Enclosure 8A



MNumber of losd cveles 1o induce
Tatigue failure, A T~ 1 10°C

Enclosure 8A

Wiith concrete dugt (Normal u'-u_l_l-_lhil:kms- in bemd § T¥HD 150 [ERTE]
I J956 3587 4534
(7 e
E
I L=2m.|L=3m.|L=6m.




Enclosure 4

Number of load cycles 1o induce
fatigue fallure, AT ~110°C
DR D200/ e 1 D50/
Axinl stress i muin pipes 150 Nimm® D20 180 i ou D450
b
165 S8 b h ] 23
. 306 141 673 110
14356 T46% 5183 6782
1832 1719 2394 3043
PR 92 519 674
Asdial giress in main pipe: 200 Mmm®
| — |22 43 55 15
J\_ = ¥ 5 x
(1]
9344 4992 2983 3939




Enclosure 9A

Number of load eyeles o induce
fatigue Milure, 4 T =~110°C
[MEn D200 DMIDY | D450/
Axial stress bn maln rhi_c | 500 W/miin® DN20 [3MED M 100 DN430
| 3062 | est0 - -
| 6988 | 24898 . .
154773 | 348926 - -
Asial stress in main pipe: 150 Nmm?*
L
58 1 - -
L L
6023 1776 - -




Enelosure 9A

Mumber of load cveles 1o ndice
fatigue faibare, AT~ 110°C
[AE DW200) | DNIGD | DS
Axinl stress o mmmn pepe: 150 8N mm® DM DMED (BT DMAEn
e 4 . -
2718 658 - -
(Axial stress in main pipe: 130 M'mem
3
| 1529 - - -
i =
o~y - . : -
93267 - - -




Enclosure 9A

Wumber of load cycles to mdice
fatygue fallare, AT, =1 10°C

LT D& 200/ [V [ 50
Fonm cushions (Axinl saress in muin pipe: 150 8 mm®) [0 [isE0 ey ] x40
' 109 52 . .

o2 ][




Enclosure 95

[Mumber of load cycles to induce

intigue fallure, AT =1 10T

DR DR 20 % 1 0 D45
Anlal slreas in makn pipe- 300 MNinim® D0 Bk 1] [ 100 [r4 A0

75 15 25 7

| 155 T 140 25

[ ] 4R40 Z56[0 125 16350

4
|‘i—| 1200 720 640 KO0
Egj 270 160 140 67S




Enclosure 98

Bumber of load eveles 10 induce
futigue ilere, AT~ 10'C
DNE DN2OD | DNIDW | DN45OY
Axinl stress in muin EiE: ) Mimm? D20 [¥ED T D) 450
' 685 710 . .
1570 | = -
Z5TOM J2900 = -
IA il SEFESs I mmn pipe: 300 Nimm'
-
R 5 - 2
2460 830 = =




Enclosure 98

Soumsber of load cyvcles o induce
futigue fihee, AT =1 10°C

DAY 200/ 3t 1 (B LT
Axinl strews bn matn plpe: 300 Mmm® N0 D ED G0 s ED
15 3 - i
1285 370 - .
ASLL Stess in mash pipe. J00 Somr
480 - - -
18400 - - -




Enclosure 98

Number af lond cyeles fo induce
fatigue failure, AT, =~110°%C
DNSV | DNI0O/ | DNIODF | DNaSKY
Foam :u.!.!l.iutu.jﬁml.l shress in main E'ﬁ' 100 Mi'mm) D20 OED D ) D450
=
| 1 125 25 . -
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