
THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS
345 E. 47th St., New York, N.Y. 10017

^v	 The Society shall not be responsible for statements or opinions advanced in
G	 papers or discussion at meetings..of the Society or of its Divisions or Sections,

m ® 	 or printed in its publications. Discussion is printed only if the paper is pub-
lished in an ASME Journal. Papers are available from ASME for 15 months
after the meeting.

Printed in U.S.A.

94-GT-239

DYNAMIC CONSTRAINTS ON HRSG DRUM DESIGN

J.-F. Galopin
Department of Research and Development

Energy Division
Cockerill Mechanical Industries

Seraing, Belgium

ABSTRACT

Heat Recovery Steam Generator start-ups are
most often thought of as being a delicate step in the
pressurization of the boiler, as are trips and
shutdowns. One reason for this is the so-called swell
effect and the problems which can arise when this
event occurs while another might be the different
controls that have to be monitored at the same time.
A dynamic software is actually used by Cockerill
Mechanical Industries (C.M.I.) to simulate the
behaviour of all significant thermodynamic variables
of the system as well as the temperatures of the
materials, and typical control variables versus time.

During the development of this software, special
care has been given to the study of the influence of the
vaporizer pressure drop on the temperature and
pressure gradient at the inlet of the drum, where
critical thermal and mechanical stresses might
appear. The circulation pump specifications have been
taken into account. A discussion is presented in order
to measure the influence of this pressure drop on the
highest observed stresses during the swell effect as
well as the pressure gradient used during the
pressurization on the fatigue analysis of the drum and
its nozzles. Their design is then briefly overviewed
using two methods of calculations.

NOMENCLATURE

fr Martinelli Nelson friction coeff. [ ]
g Acceleration due to gravity [m/sect]
h Enthalpy [kJ/kg]
ncell Number of cells per exchanger [ ]
p Pressure [bar]
Q Heating power per cubic meter [W/m3]

q Flow rate [kg/sec]
T Temperature [Celsius]
t Time [sec]
v Volume per mass [m3/kg]
w Speed [m/sec]
x Steam quality [%]
z Reference distance [m]
0 Angle between tube axis and Oz [rad]
p Mass density [kg/m3]
z Friction pressure drop per meter [bar/m]
Op Pressure drop [bar]

INTRODUCTION

Even if one of the trends of this decade is to extend
the range of operation of combined cycles from peak to
base loads, the ability to start the Heat Recovery
Steam Generators as quickly as possible is still an
important factor for the combined cycle to being
efficient in its wholeness. One of the problems the
boiler might encounter when such start-ups are too
abrupt is a fatigue problem in the drum due to cyclic
strains and stresses across its thickness. The thicker
the drum, the bigger the gradients along the
thickness of the drum, and, as a consequence, the
higher the stresses. Why is it so important to try to
minimize the effect of these pressure and temperature
gradients?

When, at any point inside the vaporizer, the water
temperature is approaching the saturation
temperature, a small volume of liquid water is
instantaneously transformed in a very large volume of
steam, the volume ratio depending on their respective
specific volume.
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This increase of volume induces rearwards a
positive force at the ear of the pump and pushes
forwards the near satured water which was flowing to
the drum. This is the so-called swell effect, this name
being used because of the increase of drum water level
it rapidly produces.

This stage is quite problematic when one considers
its mathematical analysis if an implicit scheme is
used as a software basis. This rapid change of
properties introduces difficulties for the solver, which
bases the evolution of the variables on interpolation
laws (themselves based upon the preceeding steps
variables values). This iterative process needs
therefore a powerful solver in order to get the right
variable value at the following time step. It
nevertheless is more or less independent upon this
time step, in opposition to explicit methods.

Physically, this expansion produces a flow
excursion which can sometimes lead to oscillatory
motions if the heat flux is maintained to a critical
value (Hsu, 1976, pp.261-262). This phenomenom is of
course more important for natural circulation than for
forced circulation boilers. This flow excursion is
irreversible and responsible for a temperature
excursion as well. The increase in flow rate and
temperature is responsible for higher thermal
stresses at the nozzles of the drum as is going to be
shown in this report.

It might be adequate to note that thermal stresses
are not a problem related to the single start-up case
but to shutdowns as well. This report wants to
emphasize the problem and takes the start-up case
only as an illustration for its calculations.

THE DYNAMIC SIMULATION OF AN ASSISTED
CIRCULATION BOILER

A modular approach

As with the related paper by P.J.Dechamps (1994),
presented at the same Conference and where a
dynamic model concerning the whole combined cycle
is described, a modular approach has been taken for
modeling the boiler. Heat exchangers, tube lengths,
drums, deaerators, splitters, mixers, control units are
programmed modules that one can use as many times
as necessary. They are related one to each other by
streams and branches, where thermodynamic
characteristics of fluids are stored, as the philosophy
of Belsim imposed it. For the history, DYNA is an
advanced dynamic simulator for industrial processes.
It was developped by Belsim s.a., bought by C.M.I.
and modified by the same C.M.I. in order to simulate
the dynamic behaviour of their boilers. As mentionned
in the introduction, an implicit scheme is actually
used for solving the equations, which can be algebraic,
differential or algebro-differential.

The structure of a typical unit as it is seen by the
software during the simulation is shown on Fig. 1.

Heat exchangers, which are the components of
main interest for a boiler company, have been
programmed using an equivalent model as P.Fontaine
did it (1990). All significant geometrical variables of
the real exchanger are taken into account to evaluate
fictive global dimensions of the equivalent model in
order to reduce the calculation time and avoid using
finite elements.

Inlet parameters
4, (geometry,printout,...)

on andsI UNIT ^ and branch
and branches

T	 In and out parameters
used as regulation
variables

Fig.1- Sketch of a typical unit used by the software

Assumptions

In the vaporizer, there are no differences between
vapour and liquid flowrates, which means that a
single medium is used for the calculations. The
latter will have a mean specific volume. The
shear between the two mediums which is
normally responsible for supplementary pressure
drops is taken into account with the Martinelli-
Nelson acceleration pressure drop multiplier in
the momentum equation, when the latter is taken
in its exact form.
The values of the inner heat exchange drum
coefficients are very difficult to estimate, one of
the reason being the uncertainty of the type of
flow inside the drum. For these examples, values
were taken as being 4000 W/m 2/K for the
saturated water and 20000 W/m2/K for the
steam.
The effect of the magnetite has not been taken
into consideration in either dynamic or finite
elements calculations. However, the annex 1 of
TRD-301 allows the engineer to get a fatigue
analysis when this anti-corrosive protection layer
is taken into account.
The drum is always supposed to be at the state of
equilibrium which means that both liquid and
vapour are at the same pressure. This is not
exactly the case since, during start-up, the vapour
temperature is slightly higher in practice. This
introduces small time lags for the steam
production for example, but was necessary since
equations were written for a two-phase
equilibrium state.
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Conservation laws

The mathematics of every unit are based on
conservation laws (extension of basic formulaes, when
no change in cross section is observed)

mass conservation:
op/at + w.8pltz + p.aw/8z = 0	 (1)

momentum conservation:
p.(8w/8t + w.Ow/8z) + c'p/az + 2 + p.g.cos(8) = 0 	 (2)

energy conservation:
p.(ah/at + w.ah/7z) - (Op/at + w.op/Oz) - t.w - Q = 0 (3)

from which constitutive laws have to be added in
order to find r,Q,T,v. Equations (1) to (3) are then
modified so as to admit q,v,p,h,T as principal
variables.

Calculation cases

Two types of analyses were made in order to show
the influence of the dynamics of the vaporizer (cases
1,2,3) and the pressurization of the boiler (cases 4,5)
on the drum stresses. The first three cases refer then
to different spatial pressure gradients at start-up
whilst the last two cases refer to a different time
pressure gradient. Both can have an influence as will
be shown on the following diagrams.

T Deaerator

To stack 	 Feed pumps

II

LP

circ. pump

HP

circ. pump

to steam turbine

from gas turbine

All calculations are made with the characteristics
of one of the two levels of pressure Killingholme's
boilers (U.K.-Fig.2), where C.M.I. is responsible for
three heat recovery boilers. It should be pointed out
that if the calculations presented in this report are
purely academic (they correspond to a fictive start-
up), they are nevertheless applied in every day's
design scheme.

Case 1 When no pressure drop is taken into
account in the vaporizer. This simpifying criteria
has been justified by G.Molinari and P.Presti
(1983). In order to take into account the
modification of the pump flowrate, the latter is
related to its start-up value when the water
quality at the exit of the vaporizer is not
exceeding a critical value and its nominal value
afterwards.

At any time,
(AP)vaporizer = (1p)exchanger cell = 0 	 (4)

At starting order,
gcirc.pump = q1 	 (5)

When xout vaporizer' xcrit ,
^lcirc.pump = q2 	 (6)

Case 2 When, for calculation time constraints,
two pressure drop values are taken only: at
start-up conditions and at nominal conditions.
The transition is made through an abrupt
modification of the corresponding (but exact)
circulation pump flowrates values.

At starting order,
(AP)vaporizer = ncell*(P)exchanger cell = (p)1 (7)
gcirc.pump = q1 	 (8)

When xout vaporizer> xcrit ,
(P)vaporizer = ncell (Op)exchanger cell = (1p)2 (9)
gcirc.pump = q2 	 (10)

• Case 3 When the exact pressure drop is taken
into account, inducing two-phase friction and
acceleration of the vapour phase upon the liquid.
The pump characteristic is then properly followed
unlike the two preceeding cases.

The expression of the variation of pressure along
the heat exchanger used for static analysis can be
compared to the variable t in equations (2) and (3).
The following equality applies:

i + p.g.cos(A) = (op/Oz)gr.ay. + (OP/OZ)acc + (aP/az)frict
(11)Fig.2- Scheme of the modelised Killingholme's boiler.
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where the indexes 'gray', 'ace' and 'frict' relates to
gravitational pressure drop, momentum and frictional
pressure drop respectively.

Since the calculations are based on a mean specific
volume, the gravitational term is obtained by the
simple relationship (p.g.cos(0)).

The frictional and momentum terms can be
calculated by various methods based on experimental
data. One of the most well-known is the Martinelli-
Nelson correlation (1948), which bases its equations
on annular flow, linear variation of the quality along
the heat exchanger tubes, and a constant heat flux to
those tubes. It is, of course, not the case in any
industrial heat exchanger. One can nevertheless say
that the higher the number of cells taken to discretize
the heat exchanger, the better the solution will be.

Even if these correlations are widely used for two
phase-flow systems despite some uncertainty upon
their applicability, Hsu (1976, pp.202-203) presents a
brief summary of the studies made by various authors
in order to show the influence of the flow pattern, the
effect of liquid-film characteristics and the effect of
flow rates and qualities on the correlations.

xin xout
pin pout

Fig.3- Boundary conditions of a typical equivalent
model heat exchanger cell.

Since the heat exchanger is divided into a certain
amount of cells, different input and output quality
couples may appear during the simulation (Fig.3).
Their value will modify the calculation of the friction
and momentum multiplier as follows:
1. the inlet is liquid at saturation temperature and

vapour exists at the outlet. The above mentionned
theory applies without any modifications.

2. both inlet and outlet have qualities, xin and xout
respectively. For evaluating the friction
coefficient, three cases appear depending on the
difference between in and outlet qualities :

If xin < xout , the following expression can be
taken :

(fr(xout
, Pout ).xout - fr(xin

, Pin ).xin ) / ('gout - xin)
(12)

This is consistent with the assumption of
having a linear variation of the quality only.
It nevertheless is a better assumption than
taking the difference between friction
coefficient at outlet and inlet as mentionned
in the General Electric Fluid Flow Data Book
(1976).

If xin > xout , we assume that the same
expression can be taken for calculations or
explicitely, that condensation does not have
an influence on this method of calculation.
This hypothesis has been taken by Weber
with convenient results (1988).

If (xin - xout ) is smaller than an epsilon
(whose value is left to the opinion of the
user), equation (12) doesn't apply because of
the near zero value that would appear on its
denominator. Physically, no increase nor
decrease of quality is noticed so that the
fundings of that equation cannot be verified
anymore. H.T.F.S. (Collier, 1972) have
provided a set of correlations for steam-water
friction coefficient when quality remains
constant. Interpolations have nevertheless to
be made since the proposed data correpond to
typical flowrates, pressures, and tube
diameters.

For computing the acceleration multiplier, and
corresponding to any of the above mentionned
conditions, one has simply to evaluate this coefficient
at outlet conditions and remove its value at inlet
conditions.

• Case 4 When a small pressure gradient (2
bars/min) is applied during the whole
pressurization (Diag.5).

(^/)drum = 120 when p > 3.5 bars

Case 5 When a small pressure gradient (2
bars/min) is applied up to 7.5 bars are reached
and a slightly bigger gradient (4 bars/min) is
applied during the rest of the pressurization
(Diag.5).

(ap/at)drum = 120 when 7.5 > p > 3.5
= 240 when p> 7.5 bars

DYNAMC SIMULATION OUTPUTS

To illustrate the conclusions of Hsu (1976)
concerning the flow excursion, the following diagrams
are very helpfull; Diag.la and lb show the fumes,
metal and water temperatures before and after the
expansion corresponding to the first evaporation.
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Diag.l.a. Temperatures along the vaporizer at t=594 s
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Diag.1.b. Temperatures along the vaporizer at t=654 s

Unfortunately, on such scalings, it is very difficult
to see the difference between metal and water
temperatures. It has nevertheless been observed that,
on Diag.l.b., in opposition to Diag.l.a., the water
temperature is greater than the metal temperature
near the outlet of the exchanger (HP vaporizer) after
this critical moment. This is the result of this famous
flow and (as a consequence) temperature excursion
which can sometimes lead to condensation, depending
on the relation between the decrease in temperature
(due to the inverse heat exchange) and the pressure
drop (Diag.2).

The following diagram is a representation of the
quality of the fluid at t=684 sec. It is interesting to
note that non-zero values are observed before
saturation conditions are reached. The main reason
being that some air is carried through the vaporizer at
initial conditions. The inlet of the drum is normally in
contact with the external medium until the venthole
is closed so that air can flow through the system.
Gradually, this air will be removed from the closed
loop and only pure water will flow. The consideration
of this concentration of air was necessary for the
drum calculations before water saturation conditions
were reached because of its unique two-phase flow
equation-setting. In reality, the computation of the
pressure drop along the vaporizer changes, but no
account for this effect has been taken in the program.
This remark is of course unapplicable to hot start-ups.

Diag.2. Quality along the vaporizer at t684 s

The principal goal of this study being to see whether
it is worthfull taking the exact momentum equation
rather than an approximation, three parameters are
compared:
- the drum water level (Diag.3)
- the temperature gradients (Diag.4)
- the Von-Mises stresses at peaking gradient values

(Diag.6 and 7)
From diagrams 3 and 4, it is clear that time lags
appear due to the difference in saturation conditions
at any point inside the vaporizer. Furthermore,
peaking values of the temperature gradients are very
different, showing that the increase in temperature is
smoother in the real case (the circulation pump
characteristic being certainly partly responsible for
this improvement). As is going to be shown in the next
paragraph, and despite the fact that these peaking
values do not apply for a long time, drum stresses do
suffer from the difference between gradients.
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Diag.3. Swelling effect for cases 1,2,3
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Diag.4. Temperature gradients for cases 1,2,3
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DRUM CALCULATIONS

Two methods of verification are used to take profit
of the dynamic analysis that has been made. The first
one is the Finite Elements method, whilst the second
is the TRD-301. To illustrate their use, the first
method will be utilised to check the higher stresses
obtained on cases 1 to 3 whereas the second one will
be used for fatigue analysis on cases 4 and 5. It is
evident that the last two cases could be treated by
finite elements as well, but no fatigue outputs would
appear at the end of the calculation with the F.E
method. A further analysis would then be necessary
using A.S.M.E codes for example. However, TRD-301
will not give spot stresses values as the F.E. method
does on the three first cases.

0 300 600 900 1200 1500 1800 2100 2400 2700

Time [sec]

Diag.5. Pressure evolution for cases 4 and 5.

The F.E. method (Cases 1 to 3) - Stresses comparison

It should first be pointed out that this paragraph
was written in order to highlight the possibilities of
combining both dynamic software and the finite
elements Samcef package. Drum calculations are
quite complex and this study does not include the
whole process of computation, which would include
drum mass and induced banana effect, condensation,
etc... As is going to be shown, at such low pressures,
thermal stresses are much higher than stresses
induced by the pressure.

Using symmetry, the drum can be modelled by one
of its quarter. The same can be done for the nozzle.
Diag.6. and 7. show the stress map for case 3 and 1
which are respectively the less and more critical. In
opposition to what could first have been thought,
these critical stresses do not appear when the
temporal gradient (ffF/ot) is maximum, but when the
temperature difference between two regarding points
in the structure (o-T/ox) is maximal. The following
table gives for every one of the three cases the instant
at which the maximum temperature difference is
observed and the corresponding Von Mises stress.

Case p	 (bar) Time (sec) Temp (C) Stress (MPa)
1 0 657 68 110
2 1.9 717 53 85
3 exact 740 50 76

It is quite evident to conclude that:
• the time lag that was noticed during the dynamic

analysis is reproduced here
• the higher the temporal temperature gradient,

the higher the spatial gradient in the structure
• stresses do suffer from bigger gradients

The fact that the stresses depend very much on the
vaporizer pressure drop relates to the temperature
evolution of the water. The lower the pressure drop,
the bigger the chance to vaporize at a lower level in
the heat exchanger, and, consequently, the quicker
this could appear. If this appears very rapidly, the
temperature inside the drum is still at a low
temperature and temperature gradients can be high.

If the drum pressure is not taken into account in
the F.E. analysis, the obtained stresses are bigger
showing that, at lower pressures, the pressure eases
the drum stresses. Note that this is true only if the
temperature gradient along the drum thickness is
positive, i.e. if the temperature of the inner layer is
greater than that of the outer one.

Stresses obtained at such low pressures are
nevertheless not representative of the higher stresses
that can be attained during the whole cycle; values of
400 MPa are reached at nominal conditions, showing
that high pressures induce much higher stresses than
temperature gradients.

Using TRD-301 (Cases 4 and 5) - Fatigue analysis

These Technical Rules for Steam Boilers have been
used for a long time in Europe and stands as a
reference in drums and vessels design. Annex 1 of
TRD-301 gives a calculation code that can be used as
a verification computation for fatigue analysis.
Fatigue calculations can be treated by two methods:
when, for given start-up and shut-down speeds, an
estimation of the number of cycles is required, and
when, for a given number of cycles, the above
mentionned speeds are calculated.

Since dynamic calculations were made with two
different start-up speeds on cases 4 and 5, the
number of cycles estimated by this method are
respectively of 12800 and 8295. The computations
were based on a start-up pressure of 7.5 bars to be
able to fully distinguish the two cases (see Diag.5).
Two empiric criteria were to be verified to avoid the
detaching of the magnetite layer at critical positions.
The numbers of cycles are related to hot start-ups
rather than cold ones. If only cold start-ups were to be
used, a fifth of these two values would correspond to
the number of operating cycles of the boiler.

Being given a number of cycles, one can now
compute the admissible temperature gradient as a
control variable, or try to imagine another drum
thickness in order to verify both temperature gradient
and number of cycles.
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CONCLUSIONS

A dynamic simulator has been developed in order
to get the variation of typical thermodynamic, control
variables versus time. Outputs from various start-up
cases were used as inputs for stress and fatigue
analysis of the drum.

A first discussion has been presented in order to
show the influence of the momentum conservation
equation inside the vaporizer upon various output
results and, amongst other things, upon the Von
Mises stresses at the critical points of the drum.
These values were obtained by Finite Elements
analysis and computed at the intersection of the drum
and the steam nozzles, where stress concentration
factor of up to 3 are noticed. The conclusions of this
analysis show that stresses do suffer from the
simplification, but that the observed differences are
small when compared to stresses obtained with the
pressurised system. Time lags have also been noticed.

A second study is then reported in order to show
the influence of the kind of pressurization applied to
the boiler on its fatigue analysis, using annex 1 of
TRD-301. Knowing the required number of cold and
hot start-ups, this method can be used as a guide line
in dimensionning of boilers .

ACKNOWLEDGMENTS

Many thanks to M.Brauwers (C.M.I.) who did all
the calculations related to finite elements and shared
some time with me making me understand the
process of F.E. thermo-mechanical calculations.

REFERENCES

Belsim s.a., Parc industriel de Recherches du Sart-
Tilman, Avenue Pre Ally, 4900 Angleur, Belgium

Claxton K.J., Collier J.G., Ward J.A., November
1972, "H.T.F.S. Correlations for Two-Phase Pressure
Drop and Void fraction in tubes (H.T.F.S. Design
Report 28)"

Dechamps P.J., 1994, "Modelling the transient
behaviour of combined cycle plants", ASME Turbo
Expo 1994, Den Haag, The Netherlands.

Fontaine P., 1990, "Modelisation Dynamique dune
Chaudiere de Recuperation", BSc Thesis, Faculty of
Applied Sciences, University of Liege, Belgium

General Electric, January 1976, "Fluid Flow Data
Book", Roy H. Roecker Editor, section 402.4 p16

Hsu Yih-Yun, 1976, "Transport Processes in
Boiling and Two-Phase Systems, including near
critical fluids", Hemisphere Publishing Corporation,
Washington

Martinelli, R.C. and Nelson, D.B., 1948,
"Prediction of Pressure Drop during Forced
Circulation Boiling of Water", Trans. A.S.M.E. 70
p.695

Molinari G., Presti P.,, november 1983 "Sur
l'analyse du transitoire dans un tube de generateur de
vapeur A circulation forcee", Revue Generale de
Thermique, n°263

TRD 301, April 1979, "Zylinderschalen unter
innerem Uberdruck"

Weber M., 1988, "Etude d'un condenseur sous-
refroidisseur - Aspects theoriques et experimentaux
appliques au dimensionnement industriel", Ph.D
Thesis, Faculty of Applied Sciences, University of
Liege, Belgium

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/G

T/proceedings-pdf/G
T1994/78866/V004T10A002/2405179/v004t10a002-94-gt-239.pdf by guest on 07 July 2022



Diag.6. Stresses at the intersection of the drum and its nozzle for case 1 (t657 sec)

Diag.7. Stresses at the intersection of the drum and its nozzle for case 3 (t=740 sec)
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