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How can the heat transfer correlations for finned-tubes
influence the numerical simulation of the dynamic
behavior of a heat recovery steam generator?
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Getreidemarkt 9, A-1060 Vienna, Austria
YBERTSCHenergy, Josef Bertsch Gesm.b.H. & Co KG, Herrengasse 28, A-6700
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Abstract

This paper presents the results of a theoretical investigation on the influ-
ence of different heat transfer correlations for finned-tubes to the dynamic
behavior of a heat recovery steam generator (HRSG). The investigation was
done for a vertical type natural circulation HRSG with 3 pressure stages
under hot start-up and shutdown conditions. For the calculation of the flue
gas side heat transfer coefficient the well known correlations for segmented
finned-tubes according to Schmidt, VDI and ESCOA ), (traditional and re-
vised) as well as a new correlation, which was developed at the Institute
for Energy Systems and Thermodynamics, are used. The simulation results
show a good agreement in the overall behavior of the boiler between the dif-
ferent correlations. But there are still some important differences found in

the detail analysis of the boiler behavior.
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Qe
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app

apw

QmEi

AmhE

QmhpP

AmhW

Discretization coefficient [kg/s]

SIMPLER discretization coefficient for the east neighbor of the cell
i at the staggered grid [kg/s]

SIMPLER discretization coefficient at the east cell boundary of the
east neighbor cell of the cell i [kg/s]

SIMPLER discretization coefficient for the east neighbor of the cell
i [kg/s]

SIMPLER coefficient for the east neighbor cell of the energy balance
for the header [kg/s]

SIMPLER coefficient for the energy balance of the header [kg/s]
SIMPLER coefficient for the west neighbor cell of the energy bal-
ance of the header [kg/s]

SIMPLER pressure correction discretization coefficient for the east
neighbor cell of the cell ¢ [m s]

SIMPLER pressure correction discretization coefficient for the east
neighbor cell of the header [m s]

SIMPLER pressure correction discretization coefficient of the
header [m s|

SIMPLER pressure correction discretization coefficient for the west

neighbor cell of the header [m ]
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SIMPLER pressure correction discretization coefficient of the cell ¢
m )

SIMPLER pressure correction discretization coefficient for the west
neighbor cell of the cell ¢ [m s]

SIMPLER discretization coefficient for the energy balance of the
cell 7 [kg/s]

SIMPLER discretization coefficient for the west neighbor of the cell
i [kg/s]

Cross sectional area [m?

Net free area of tube row [m?|

Total outside surface area of the finned-tube bundle [m?]

Heating surface of the smooth bare tube [m?]

Constant term in discretization equation for the cell i [N]
Constant term in discretization equation for the energy balance of
the header [J/s]

Constant term in discretization equation for the energy balance of
the cell ¢ [J/s]

Constant term in discretization equation for the header [kg/s]
Constant term in discretization equation for the cell i [kg/s]
Average segment width [m]

General variable [var]

Bare tube diameter [m]

East coefficient of the velocity correction of the cell i [m*s/kg]
West coefficient of the velocity correction of the cell i [m*s/kg]

Total outside diameter [m]



Ga

Component of the gravity in direction of the tube axis [m/s?]

Spec. internal energy [J/kg]

Error [-]

Spec. enthalpy [J/kg]

Spec. enthalpy of the fluid inside the header [J/kg]
Average fin height [m]

Average segment height [m]
Average tube length [m]

Flue gas mass [kg]

Flue gas mass flow [kg/s]

Number of fins per m [1/m]

Number of tubes per row [-]
Number of tubes in flow-direction |-]
Nusselt-number [-]

Pressure [Pa

Pressure difference [Pa

Pressure of the fluid inside the header [Pa]
Drum pressure [Pa]

Pressure correction [Pa
Prandtl-number [-]

Heat flux [W/m?]

Reynolds-number [-]

Tube thickness [m]

Average fin thickness [m]



Seci Constant term of the linearized source term of the cell ¢ [Pa/m]

Sep;  Proportional term of the linearized source term of the cell i [Pa
s/m?]

Sen Constant term of the linearized source term for the energy balance
of the header [W/m?

Sph Proportional term of the linearized source term for the energy bal-
ance of the header [kg/m3s]

Sei Constant term of the linearized source term for the energy balance
of the cell ¢ [W/m?]

Spi Proportional term of the linearized source term for the energy bal-

ance of the cell i [kg/m?s]

ty Fin pitch [m]

t Longitudinal tube pitch [m]
ty Transversal tube pitch [m]
T Temperature [K]

Ty Mean fin temperature [K]
T, Mean gas temperature [K]
U Perimeter [m]

Vi Volume of the fluid inside the header [m?]

w Fluid velocity [m/s]

w Pseudo-fluid velocity [m/s]

x Length [m]

a Heat transfer coefficient [W/m?K]
0 Density [kg/m3]

on Density of the fluid inside the header [kg/m?]

v Temperature [°C|



n Dynamic viscosity [Pa s]

T Time [s]

¢ Pressure loss coefficient [-]
Superscripts

0 Value at the old time step

* Approximate value

Correction value

Pseudo value

Subscripts
0 Characteristic length at d,
b Bare tube
E East grid point in mass and energy balance
ESCt ESCOA traditional
f Fin
fric  Friction
g Gas
h Header
1 Counter for the heat transfer correlations
mn Inlet

Index, counter

k Index, counter
l Longitudinal
m Mass



mar  Maximum

min Minimum

N Index, counter

P Grid point in mass and energy balance

rel Relative

r Tube row

5 Segment

t Transversal

tot Total

wa wall

w West grid point in mass and energy balance

1. Introduction

In the energy and process technology most of the high power steam gen-
erators are designed as water tube boilers. Many of these boilers use the
waste heat of gas turbines. In these so called combined power cycles the
steam generator is arranged downstream the gas turbine (GT). Modern gas
turbines for combined cycles are highly flexible in their mode of operation,
i.e., concerning rates of start up, load change and shutdown. Heat Recovery
Steam Generators (HRSG) arranged downstream of the GT are forced to
operate in such a way, that the gas turbine operation is not restricted by
them. Therefore, they should be designed for a high cycling capability with
typical values in the range of approx. 250 cold starts, 1000 warm and 2500
hot starts for their typical 25 year life span.

Modern heavy duty GT are characterized by short start up times and high



load change velocities. Both during a cold and warm start these GT achieve
100% of their nominal load in approx. 20 minutes, while 70% of the nominal
GT-exhaust gas temperature and 60% of the nominal exhaust gas flow is
already achieved approx. 7 minutes after the GT start. The downstream
arranged HRSG is supposed not to hinder the operation and load change
velocity of the GT. Especially for vertical type HRSG with horizontal tubes
in the evaporator the requirements posed by the GT demand an accurate
calculation and a detailed engineering of the dynamic behavior of the HRSG.
The combined cycle power plant reaches its nominal load 120 or 190 minutes
after the GT start, depending upon whether warm- or cold-start is performed.
For a compact design of the HRSG finned-tubes are used for the bundle
heating surfaces.

Careful engineering and accurate prediction and simulation tools are nec-
essary in order to ensure an unhindered operation of the GT and take advan-
tage of the many positive aspects of the HRSG design. In Europe many of
these HRSG boilers are designed as vertical type with an natural circulation
evaporator. Normally, the fluid in the natural circulation evaporator flows
from the downcomer through the heated tube bank straight to the riser. The
driving force of the natural circulation is generated due to the density dif-
ference of the water in the downcomer and the water/steam mixture in the
tube bank and the riser tubes. The experience shows, that the most critical
operation modes of HRSG’s with a natural circulation evaporator are fast
warm start-ups and heavy load changes. In these cases stagnation and/or
reverse flow can occur due to dynamic effects (see e.g. [1, 2, 3]). In order to

avoid such situations it is important to have some information about the flow



distribution in the tube network of the steam generator available already in
the stage of boiler design. To get some important informations it is neces-
sary to have validated simulation tools which allow to calculate the start-up
and/or shutdown behavior of boilers.

It is well known that the influence of the flue gas heat transfer coefficient
to the overall heat transfer coefficient is higher compared to the heat transfer
coefficient of the working medium (in case of a boiler water, steam or a
water/steam mixture). For this reason the heat transfer coefficient between
flue gas and tube wall has an important influence on the heat flux - and in the
last consequence - on the dynamic behavior of heat exchangers respectively
steam generators.

Finned-tubes which are used in many HRSG’s have geometrically a sim-
ilar design e.g. helical solid or segmented finned-tubes et cetera. For such
types of finned-tubes there are a higher number of heat transfer correlations
available in the literature. But these correlations are measured under differ-
ent conditions (definition region for Re and Pr-numbers) and with different
tube geometry (e.g. fin pitch, bare tube diameter, number of fins per meter,
et cetera).

In computer codes one or more of such heat transfer correlations are
implemented. But the range of validity of these correlations can but must
not agree with the tubes installed in the boiler as well as in the range of
the analyzed operation mode e.g. start-up or shutdown (where Re can go to
Z€ero).

In the present paper the results of a theoretical investigation on the in-

fluence of different heat transfer correlations for finned-tubes to the dynamic



behavior of a HRSG will be presented. The investigation was done for a
vertical type natural circulation heat recovery steam generator with 3 pres-
sure stages under hot start-up and shutdown conditions. For the calculation
of the flue gas side heat transfer coefficient the well known correlations for
segmented finned-tubes according to Schmidt [4], VDI [5] and ESCOAry,
(traditional and revised) [6, 7] as well as a new correlation, which was de-
veloped at the Institute for Energy Systems and Thermodynamics [8, 9], are

used.

2. Brief description of the mathematical model and numerical method

To analyze the dynamic behavior of the natural circulation HRSG the
computer program DBS (Dynamic Boiler Simulation), which was developed
at the Institute for Energy Systems and Thermodynamics (IET) at the Vi-
enna University of Technology [10, 11], was used. The discretization of the
partial differential equations for the conservation laws was done with the aid
of the finite-volume-method. The pressure-velocity coupling and overall so-
lution procedure are based on the pressure correction algorithm SIMPLER
(Semi Implicit Method for Pressure Linked Equations Revised) [12]. To
prevent checkerboard pressure fields a staggered grid is employed and for
the convective term the UPWIND scheme is used. In the following a short
description of the mathematical model for the fluid flow in the tubes and the

headers (the so called ”tube-header-model”) will be presented.

2.1. Model of the fluid flow in the tube

The mass flow in the tubes of a steam generator can be assumed to be

one-dimensional, as the length of the tubes is much larger compared to their

10



diameter. For the model under consideration, the topology of the tube net-
work, the number of parallel tubes, the geometry in terms of outer diameter
and wall thickness of the tubes, the fin geometry and the dimensions of the
gas ducts are necessary. Furthermore, the thermodynamic data - such as
mass flow, pressure and temperature - of the heat exchanging flows are used
as input data.

The mathematical model [10] for the working medium is one-dimensional
in flow direction and uses a homogeneous equilibrium model for the two-
phase flow and applies a correction factor for the two phase pressure loss
according to Friedel [13]. For a straight tube with constant cross section the
governing equations in flow direction are written for the mass and momentum

conservation of the fluid:

do |, O(ow)

E—i_ Ox 0 (1)
d(ow) Od(oww+p) 0 [ Jw) _(9p
or " T w\"a) % \a),, @

The density o and the velocity w are averaged values over the cross section
of the tube.

Considering the fluid flow in steam boilers, the thermal energy is much
higher than the kinetic and the potential energy as well as the expansion
work. Therefore, the balance equation for the thermal energy can be simpli-
fied with the help of

e=h-"L (3)

to:
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The heat exchange between the fluid and the tube wall is governed by
Newton’s law of cooling and the heat transfer through the wall is assumed
to be in radial direction only. The heat transfer models used in DBS for the
single and two-phase flow of the working medium includes correlations for

horizontal as well as for vertical tubes and is described in detail in [10].

2.2. Model of the header

The header is one of the most important structural component of every
steam generator and is used to connect a low number of connection tubes
with a large diameter and the high number of tubes of a bundle heating
surface or a combustion wall with a small tube diameter.

Figure 1 shows a header and the connected tubes. The three connected
tubes are representative for all the other tubes which are connected to the
header. Index j denotes the tubes where the mass flow enters the header,
while index k indicates the tubes where the mass flow leaves the header. The
index h denotes the thermodynamic state variables of the header.

For the computations of the header, the following assumptions may be

made:

e Assuming that the distribution of the thermodynamic state of the
header is homogeneous, the collector can be seen as one control vol-

ume for the calculation.

e The gravity distribution of density and pressure of the fluid inside the
header can be neglected because the vertical dimension of the header

is small compared to that of the remaining tube system.
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e The huge difference in the cross section area of the header and the

connected tubes causes strong turbulence, avoiding thus a segregation

of the fluid in the header.

Because the headers are assumed to be a single control volume, the equa-
tions for the mass and energy balance are ordinary differential equations with

time 7 as independent variable:

d (on Vi) Z A A
dr j vl Zk: i S o
d (on b, Vi) Z } :

The variables of the header are denoted with the index h; j represents
values at the header entrance and k the values at the outlet. Vj, is the volume
of the fluid inside the header and A the cross sectional area of the connected
tubes. Similar to the treatment of the fluid flow in the tube, the kinetic
energy as well as the expansion work is neglected in the energy balance.

Because momentum is a vector quantity, having the direction of the tube
axis, the momentum fluxes must not be added arithmetically but rather as
vectors. This is the case at the inlet and outlet of the headers, where the
individual tubes are connected under different angles. But the velocity of the
fluid inside the header is rather small compared to that inside the tubes. So
it can be assumed that the momentum of the fluid will be lost at the inlet of
the header and has to be rebuilt at the outlet. Based on this assumption, the
momentum balance of the header reduces to a pressure balance. The changes

of the momentum at the inlet and the outlet can be taken into account by a

13



pressure loss coefficient (:

¢
P = pj— é@jwj |wj| (7)
pn = pk+%@kwk|wk|- (8)

(r takes into account the sum of the pressure loss due to the acceleration
of the fluid inside the header from approx. zero to the tube inlet velocity and
the frictional pressure loss across the sudden contraction. The pressure loss
for e.g. a sharp-edged entrance can be found in [14] or [15] and is identical
0.5. (; represents the frictional pressure loss of the fluid flowing from the
tube outlet cell into the header. Based on the model assumptions for the
header the recovery of the pressure energy from the kinetic energy of the
fluid is set to zero.

Based on the simplifications described above, the algebraic equations for
header and header connected tubes will be presented in the next section. The
description of the tube-header model is written for readers who are familiar

with the basic ideas and notations of the well known SIMPLER method [12].

2.2.1. Discretized balance equations for the header

Taking into consideration the above described tube-header-model the dis-
sipation and regeneration of the momentum leads to separation of the mo-
mentum balance for the header connected tubes. At the formulation of the
momentum equations for the single control volumes of the tube network the
control volume of the header can be neglected. So, the calculation of the
pseudo-velocity w for the control volume of the header can be neglected and

the tri-diagonal structure of the matrix for the momentum balance can be

14



preserved. Compared to the calculation of the pseudo-velocity the calcula-
tion of the header pressure must include the control volume of the header,
because the pressure of the header even depends on the neighbor cells. The

pressure equation for the header leads to:

AmhpP Ph = Z Amaw,j PN,j + Z AmhE ke D1k + Dmn 9)
j A

with the coeflicients:

Amhp = Z Amhw,j + Z AmhE, k> (10)
j k

AmhW,j = (QA)NJr%,j dwN,ja (11)
amnee = (0A)oy1j dern, and (12)
bt = M+Z( BA) i1, — > (0B Ay, (13)
mh = Ar 0 N+1 0 0+ 5,k
J k

The pressure correction equation of the header for calculating the velocity

correction can be formulated as follows:

Umhp Py = Z Amnw,j Pyj + Z AmhBk Py g T D (14)
J k

The coefficients for Eq. (14) are identical to the Eq. (10) to (13). Just
the pseudo-velocity w in Eq. (13) must be changed by the approximated
velocity w*.

The conditional equation for the spec. enthalpy of the fluid inside the

header Ay, can be calculated with

anp hp, = Z apw,; h; + Z angk g + by (15)

J k
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with the coefficients:

J

0
app = E apw,; + g angk + app — SpnVa,
e

anw,j = max[(gw)N—&-%,ij} AN-%—%,]"
aper = maX[—(Qw)o+%,ka0] Aoyt g
b, = S Vi+ajphy and
0o _ ngh
We = AL

(16)
(17)
(18)
(19)
(20)

20

2.2.2. Discretized balance equations for the header connected control volumes

In this section, the discretized balance equations for the header connected

control volumes will be presented. The number of control volumes which are

connected to the header are not restricted by the model. The numbering of

the header connected control volumes can be seen in Fig. 1. All equations

are independent from the flow direction.

With the following equations the pressure, velocity and the spec. enthalpy

for the control volume 1, k at the tube inlet can be calculated. The equations

for the pseudo-velocity for the control volume 0 of the tubes k, k + 1, etc.

leads to:
. aeeO,k‘w1+%,k + beO,k
Wil =
Otak Qe0 K
with the coefficients:
0
Aok = QecOk T Qeop — SBPO,kAO—f—%,kAxO—&-%,k
M+ik
_ 2
Qee0k = A + max _(Qw)1+%,k7 O] A1+%,k7
L1431 k
_ 0 0
beoy = Seco A0+%7k A$0+%7k + ago Worl and
0
Qo+1k AO+%,I€ A%Jr%,k

0
a =
e0,k AT
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(22)
(23)
(24)

(25)



The proportional part of the source term leads to:

’Apfrico+§,k’ B Qo+1 xWorlk maX[wo+§,k, 0]

Sep0 ATy L) = = (1+Gin) . (26)

|w0+%,k‘

2 ‘w0+%,k

With the factor (;, the pressure loss due to the acceleration of the fluid
inside the header from approx. zero to the tube inlet velocity is considered.
For a sharp-edged entrance the pressure loss coefficient (;, is identical to 0.5
according to [14]. In case of reverse flow at the tube inlet the pressure loss
due to acceleration will be identical to zero with the help of the operator
max|A, B]. This is consistent with the model assumption where the momen-
tum of the fluid will be lost at the inlet of the header. In this case the fraction
of the decrease in kinetic energy which will be recovered by an increase in
pressure energy must not be taken into consideration.

The discretized equation for the pressure of the first control volume 1, k
yield to:

AmP1k PLE = QmWikPh + GmE1k P2k + Dmik (27)

with the coefficients:

AmpP1k = OmWik + GmELk, (28)

amwie = (04)os1 g duwik, (29)

AmE1Lk = (QA)H%,;C de1r and (30)
(01 — 01k) AL Ay, R .

b = - Ar + (QwA)O-i-%,k - (QWA)IJ,-%,k' (31)

The momentum balance for the staggered control volume 0,% can be

calculated with the help of the new pressure field and results to:

* _ *
Q0 k wO-‘,—%,k = Qee0,k wl—i—%,k + beO,k + (ph - pl,k)A0+%7]g- (32>

17



The coefficients for Eq. (32) can be calculated with the help of Eq. (22)
to (25).

The pressure correction equation for determination of the velocity field
can be written for the control volume 1, k independent from the direction of

the fluid in the tube channel in the following form:

/ / /
AmP1k D1 g = AmW1k Py T GmE1Lk Do g T bk (33)

The coefficients for Eq. (33) are equivalent to the Eq. (28) to (31). Just
the pseudo-velocity @ must be changed in Eq. (31) by the approximated
velocity w*.

The energy balance for the control volume 1, £k is given with:

api i hig = awi g hy +agi g hog + b1 g (34)

with the coefficients:

apir = awik+apii+ aopl’k — Sp1 A1 ATy (35)
awik = maX{(Qw)OJr%,m 0] AO—i—%,kv (36)
apLk = maX{_(Qw)H%,k’ 0] A1+%,k (37)

bir = SarALeAzyip+aphi, and (38)
= SR )

The equations for the first control volumes at the tube outlet (subscript
N) are similar to the equations presented above. Therefore they are not de-
scribed here in detail. This set of equations can be derived from the equations
(21) to (39).

A more detailed description of the tube-header model as well as for the

model of the drum and controller can be found in [10, 11, 16] and [17].
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2.3. Model for the flue gas

For the mathematical description of the flue gas the one-dimensional par-
tial differential equation of the conservation law for the energy and mass is
used. The mass balance for the flue gas is calculated quasi-stationary, while

for the energy balance the following simplified balance equation is used:

. k
W + AIW =" gy Ao (Das — V). (40)
j=1

The discretization of the energy balance is done corresponding to the
finite-volume-method. The momentum balance for the flue gas is neglected,
because the computer code will not be used for calculating pressure fluctua-

tions in the flue gas pass.
The convective heat transfer coefficient between the flue gas and the tubes
can be calculated in DBS with different correlations for smooth or finned,

inline, or staggered tube banks. A brief description of the heat transfer

correlations used in this investigation is given in the Section 3.

2.4. Physical properties

For the numerical calculation of the fluid flow in steam generators the
thermodynamic- and transport properties for water and steam, the flue gas
as well as for the pipe material are needed. In general the properties are
dependent from the state variables pressure and temperature. While the
pressure dependency of water and steam is very high, the dependency on
pressure for the flue gas and the pipe material can be neglected. This sim-
plification for the flue gas can be done due to the fact that all processes take

place at approx. atmospheric pressure conditions.

19



The calculation of the thermodynamic- and transport properties in DBS
are done with correlations from the open literature. For water and steam
the equations according to [18], for the flue gas the correlations according
to [19] and for the pipe material the formulas according to [20] are used. In
addition to the temperature the properties for the flue gas depends also on

the flue gas composition, which is an input parameter in DBS.

3. Analyzed finned-tube correlations

3.1. Correlation according to Hofmann

Experimental investigations are performed at different finned-tube bundle
configurations, at the Institute for Energy Systems and Thermodynamics [9].
The tube bundles were arranged at equal transverse pitch, and in case of
up to eight consecutively arranged tubes, with equal longitudinally pitch in
staggered formation. Thus, a maximum total number of 88 tubes in different
configurations are investigated. All investigations are accomplished under hot
conditions, so that the effect of the pressure recovery through the tube bundle
has to be considered, as well as ambient temperature conditions without any
pressure recovery. The Reynolds-number related to the bare tube diameter
is varied in the range between 4500 and 35000. The geometrical data of the
tube and the arrangement in the test channel is summarized in Table 1.

The profile of the helical finned-tubes used is depicted in a schematic
sketch in Fig. 2. Therein the fin pitch ¢, is Nif, bs is the average segment
width, H, the average segment height, s; the average fin thickness, H the
average fin height, s the tube thickness, and D = d, + 2H, with d, as the

bare tube diameter.
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The geometrical dimensions of the investigated tubes are equal to real
industrial scale. The main idea of the investigated U-shaped finned-tube
is a larger contact area between fin and tube, compared to I-shaped fins.
The measurements were accomplished at the gas-side and at the waterside
respectively. Apart from describing the functional connections of the mea-
surements, the scope of a performed validation should be addressed to fulfill
the energy balance of the used system boundaries. Each heat transfer mea-
surement series is performed to attempt high accuracy. To obtain precise heat
transfer correlations, each calculated point was validated after measurement.
The applied data validation model, shown in [21], was introduced by Tenner
et al. [22]. This curve-fitting technique utilizes equations for mass and energy
balances as well as measurement value equations. For the analysis of mea-
surements a uncertainty calculation is a sufficient condition. According to
DIN 1319, [23], the propagation of uncertainties was calculated. As a result
of measurements at different tube row configurations, a reduction coefficient
for the heat transfer from the finned-tubes was derived [8]. As a result of
the experimental investigations new equations for calculating the Nusselt-
number Nu and pressure drop coefficient ¢ are developed. The heat transfer
at segmented finned-tubes at staggered layout at constant Pr is suggested

to be empirically correlated with the following correlation, [9]:

NT‘OO
Nug y, = 0.36475 - Re%603 pr1/3 {1 —0.3921log (T)} : (41)

T
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within range of validity

Pr~0.71
4500 < Re < 35000
15.50 mm < H < 20 mm
0.8 mm < sy < 1.0 mm
1/295 <ty <1/276 fins / m

1< N, <8

According to [24] and [8], the Nusselt-number Nuy' is correlated for N,
consecutive tube rows, with [V, less than 8 for the investigated I/U-fin tubes,
where co at N, = 8. A comparison of the proposed equation for the Nusselt-
number with almost all measurement results are found to be accurate within
about 20%. The deviation between 50% of all measurement results and the
Eq. (41) are correlated within 5%. Approx. 80% of the measurements have
a relative uncertainty laying within 15%. For further details regarding the

calculation procedure it is referred to [9].

3.2. Calculation according to ESCOATry,

Further equations for determination of the external heat transfer coef-
ficient at helical solid and segmented finned-tubes in cross-flow, arranged
in-line and staggered, are provided by ESCOAr), (Extended Surface Corpo-
ration of America), [6, 7). The basis of these equations are measurements
performed by e.g. Weierman [25]. As stated in [6] both, the well known tra-

ditional ESCOA);-correlations and the new revised ESCOA,/-correlations

Lealculated with the bare tube diameter
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for segmented finned-tubes at staggered arrangement are defined as follows:

T 0.25 D 0.5
NUO = 010305R€P7’1/3 (%) (d—> . (42)
f a

Therein T} is the mean gas temperature, 7 is the mean fin temperature and
D the finning diameter, which is D = d, + 2H. The coefficients C', (5, and
(5 are defined with:

3.2.1. Traditional ESCOAr-Correlation

C) = 0.25Re™ % (43)
—0.35H
C3 = 0.55 4 0.45 exp <—) : (44)
bty —sf
t
C5 =0.7+4 [0.7— 0.8 exp(—0.15N?)] exp (—t—l) : (45)
t
3.2.2. Revised ESCOAT);-Correlation
C; = 0.091Re "2, (46)
—0.17H
C5 =0.35+0.65 exp (L) , (47)
ty — sy
t
Cs =0.7+ [0.7— 0.8 exp(—0.156N;)] exp <—t—l) : (48)
t

The coefficient Cj is a factor specifying the influence of the fin height and the
fin distance; C5 considers the influence of the transversal and the longitudi-
nal pitch within the finned-tube bundle as well as the number of consecutive
tubes in cross-flow. As characteristic length, the bare tube diameter is con-

sidered. The heat transfer equations of Weierman [25] show an evaluated
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measurement uncertainty of about +10% for segmented finned-tubes in a

equilateral staggered layout. Range of validity [25, 7]:

~ (2000 < Re < 500000)

9.5 mm < H < 38.1 mm

0.9 mm < sy <4.2 mm

1 <t; <7 fins/inch
3.3. Calculation according to Th. E. Schmadt
According to Schmidt [4], in terms of significance, the bare tube diameter

as the characteristic length for determining the heat transfer coefficient is
taken into account. The correlation is evaluated from a large number of
test cases, mostly with annular solid fins and result in lower heat transfer
coefficients than spiral fins. The correlation in case of staggered tube layout
is defined with:

—-0.375
Atot > ) (49)

Nug = 0.45Re*% Prt/? (—
Ay

This heat transfer correlation is valid for an evaluated measurement uncer-
tainty of about £25%, 1000 < Re < 40000, 5 < AAL‘: < 12 and N, > 3
consecutive arranged tube rows. As stated in [26, 4] A, is the entire gas-
affected heating surface per m tube and A, is the heating surface of the

smooth bare tube per m.

3.4. Calculation according to VDI-Heat Atlas

An equation for evaluating the heat transfer at staggered finned-tube bun-
dles is specified in the VDI Heat-Atlas, 10" edition, [5]. As compared in [26],

this equation is very similar to the correlation of Th.E. Schmidt, but other
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coefficients and exponents are evaluated. All correlations are based on the
bare tube diameter d, as characteristic length. If the flooding length, equiv-
alent diameter in volume, or hydraulic diameter is used as the characteristic
length, both the Nu-number and the Re-number have to be converted. The
equation in case of staggered tube layout reads as

—0.15
Nug = 0.38Re®0 Prl/3 (—) (50)
b

and is valid for N, > 4 consecutive arranged tube rows. In case of N, = 3
tube rows the constant in the power law evaluates for 0.36, and if N, = 2
the constant follows too 0.33. This heat transfer correlation is valid for an
evaluated measurement uncertainty of about £10% to 425%, 1000 < Re <
100000 and 5 < “et < 30.

4. Simulated heat recovery boiler

Figure 3 shows a sketch of the overall design of the simulated vertical
type natural circulation three pressure stage HRSG. The drum pressure at
full operation load for the high pressure system (HP) is 125 bars, for the
intermediate pressure system (IP) 39 bars and for the low pressure system
(LP) 12.8 bars. The HP-system consists of four economizer (HPECON1-4),
an evaporator (HPEVAP) with 6 parallel tube paths and two super heaters
HPSH1 and HPSH2, whereas HPSH1 has two parallel tube paths. The IP-
system consists of an economizer (IPECON), an evaporator (IPEVAP) with
3 parallel tube paths and a super heater (IPSH) and the LP-system consists
of an economizer (LPECON) and an evaporator (LPEVAP) with 3 parallel
tube paths. The saturated steam of the LP-system is used by another process
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and will not be superheated. In the simulation model all parallel tube paths
are included. The flue gas enters the flue gas pass of the boiler at the bottom
and leaves it at the top.

Some important geometric data for the investigation of the analyzed
HRSG boiler are summarized in Tab. 2. All tubes of the bundle heating
surfaces are serrated finned-tubes with an bare tube diameter of @38.1 mm,
an averaged fin thickness of 0.8 mm and an averaged fin segment width of 4
mm. The tube rows of all heating surfaces are arranged in a staggered way
with a longitudinal pitch of 79 mm and a transversal pitch of 92 mm. The
heated length of the horizontal tubes per layer was 20 m.

The GT exhaust flue gas mass flow and temperature, which are boundary
conditions for the simulations, are given as a function of time and can be
shown in Fig. 4. The total simulation time was 9500 s.

During the first period of the simulation (480 s) the GT purges the boiler.
After synchronization (between 480 and 540 s) the GT starts and reaches full
load 1950 s after simulation start. In the time period between 1950 and 3000
s the GT works under full load operation condition. Following the stationary
operation at full load the shutdown of the GT is simulated between 3000 and
9500 s. In this period the GT exhaust mass flow decreases rapidly close to
zero, while the exhaust temperature decreases approx. linearly with a small
gradient (see Fig. 5).

The exhaust flue gas mass flow from the gas turbine during the simulated
shut down period is not identical zero, because in the reality the gas turbine
rotor is turned at low rpm (revolutions per minute) for a controlled turbine

engine cool down, to allow an instant restart during this time period.
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4.1. Initial and boundary conditions for the numerical simulation

The start-up behavior of a boiler depends on the time difference between
the shutdown and restart. A start-up from the cold load - (the system pres-
sure in the drum is equal to the atmospheric pressure) or part load condition,
the admissible rate of pressure (temperature) change of the natural circula-
tion system is mostly conditioned by the thermal stresses of the large diam-
eter components, which are positioned in the saturation region of the boiler,
e. g. cyclones inside the drum used for the water/steam separation, head-
ers and drum. This limitation applies both to load increase and reduction.
Therefore the natural circulation system is only applicable for a variable pres-
sure operation under certain conditions. Because a load change linked with
a pressure change is accompanied by a change of the saturation temperature.
Especially in the low pressure region the change of the saturation temper-
ature is high. Tables with a start-up time for drums, cyclones and headers
for different design pressures and wall thickness can be seen in [27]. The
simulation of the analyzed boiler was done under hot start-up conditions. In
this case the time difference between the shutdown and restart of the HRSG
boiler is up to approx. one full day (overnight standstill). The operation
pressure does not change during this time. Therefore the limitation of the
pressure (temperature) change is not taken into account and the boiler can
start in a faster way.

For the simulation of the boiler the following initial conditions are used:

e The steam generator is filled with water near boiling condition.

e The pressure distribution of the working medium in the tube network

of the boiler is affected by gravity.
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e The velocity of the fluid at the start of the calculation process is equal

to zero.

e The initial fluid temperature in the evaporator of the boiler is identical

to the boiling temperature at drum pressure.

e The initial drum pressure for the HP-system was 100 bars, for the IP-
system 32 bars and for the LP-system 12 bars.

e The water level in the different drums at simulation start is located at

low water level.

5. Results of the numerical simulation

Before presenting the simulation results calculated with the different heat
transfer correlations for finned-tubes a brief description of the general start-
up behavior of the boiler will be given. This calculation is done with the

traditional ESCOA7 ), correlation.

5.1. Start-up behavior of the boiler

Based on the development of the gas turbine exhaust flue gas mass flow
and temperature the operation pressure of the different drums change. Dur-
ing the purging of the HRSG and the synchronization of the GT (first 540
s of simulation, see Fig. 4) the drum pressure of the HP-system decreases
approx. linear down to 89 bars, the [P-system to 28.3 bars while the drum
pressure of the LP-system is approx. constant. This behavior of the pressure
is a result of the heat transfer from the working fluid in direction to the flue

gas mass flow (cooling of some of the HRSG heating surfaces, e.g. HPSH1
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and HPSH2). Between approx. 540 s and 1200 s after simulation start the
drum pressures are approx. constant followed by an increase of the HP drum
pressure with 3 bars/min, the IP drum pressure with 0.88 bars/min and the
LP drum pressure with 0.05 bars/min up to the different pressure values at
full load. After achieving the system pressure at full operation load the drum
pressures are approx. constant.

Figure 5 shows the development of the flue gas temperature at the GT
outlet as well as in front of the evaporator of the different pressure stages. It
can be seen, that during the purging process and the first period of the GT
start-up the flue gas temperature before the different evaporators is higher
than the GT outlet temperature. Therefore the flue gas is heated up and the
tubes of some of the heating surfaces are cooled down during these periods.
This can be seen also at the GT shutdown at the HP-system.

The total absorbed heat flow from the boiler under full operation condi-
tion is approx. 175 MW.

Figure 6 shows the mass flow in the downcomer and at the outlet of
the highest heated tube path of the different evaporators. In the following
the development of the mass flow in the HP evaporator (HPEVAP) will be
described in detail. During the purging period the tubes of the HPEVAP will
be cooled down and therefore the drum pressure decreases. Based on this
process the working fluid starts to circulate and also a small steam mass flow
(not included in Fig. 6) leaves the drum. This produced steam condensates
during this time period in both HPSH1 and HPSH2. Between 480 s and
540 s after simulation start the GT outlet mass flow decreases and the flue

gas outlet temperature increases (synchronization of the GT) which results
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in a decreasing of the heat flow from the boiler tubes to the flue gas. With
increasing of the flue gas mass flow and temperature the direction of the heat
flow between flue gas and boiler tubes changes and therefore the mass flow
circulation in the evaporator tubes as well as the steam production increases
and achieves the steady state at full load.

With beginning of the GT shutdown the flue gas mass flow decreases
rapidly (see Fig. 4) and fluid mass from the drum is stored into the tube
network of the evaporator. This can be seen in the increase of the fluid mass
flow in the downcomer (see Fig. 6). After completion the storing process the
mass flow in the tube network of the evaporator decreases slowly to zero.

A description of start-up and shutdown behavior of the IP- and LP-system
will not be given, because these are similar to the HP-system. Compared to
the HP-system the time points for starting and finishing of the fluid circu-
lation in the IP- and LP-system is shifted in time (see Fig. 6). The overall
circulation ratio at full load of the HP-system is approx. 6.1, of the IP-system
12.7 and of the LP-system 16.7.

5.2. Influence of the different heat transfer correlations

For a better comparison of the different correlations a relative deviation

C; — CEScCt

Frel - (5]->

CESsct
based on the traditional ESCOA7 ), heat transfer correlation was calcu-
lated. Therein ¢; is a general variable, which stands for e.g. the heat flow or
the heat transfer coefficient, and index i the counter for the different Nusselt-

correlations. cggcy is the equivalent general variable corresponding to ¢; for
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the traditional ESCOA7 ), correlation. The traditional ESCOA7,, correla-
tion was used as basis for this investigation, because it is one of the most
used equations to calculate the heat transfer coefficient for finned-tubes.

Figure 3 as well as Tab. 2 shows that the investigated boiler consists of
a high number of heating surfaces with different geometry. It can be seen
in Eq. (41) to (50) that the Nusselt-correlations used to calculate the heat
transfer coefficient of the finned-tubes are also a function of the geometry.

To reduce the number of figures the authors have selected representing
heating surfaces to describe the influence of the different heat transfer corre-
lations on the dynamic behavior of the boiler.

The simulation results with the different heat transfer correlations have
shown, that for every time step the sum of the heat flow absorbed from the
heating surfaces are equal within a very small difference. The highest value
for F, under full load condition for the boiler is given with approx. 1.2%
by the correlation according to Schmidt. The simulation results calculated
with the different correlations show that the overall behavior of the boiler
during the start-up and shutdown of the GT are similar. But there are
still differences in details, which can influence the design or operation of the
boiler.

The averaged Reynolds-numbers for selected heating surfaces are pre-
sented in Fig. 7. The Re-numbers are averaged over the individual heat-
ing surface. It can be seen, that the curves for the Reynolds-numbers are
very close together during the periods with a low flue gas mass flow. A
higher flue gas mass flow and temperature leads to an expanding of the

Reynolds-numbers between the different heating surfaces. The heating sur-
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faces located in the region with lower flue gas temperature leads to higher
Reynolds-numbers compared to the heating surfaces located in the region
with higher flue gas temperature. The highest values for Re are reached, of
course, under full operation conditions.

A comparison of the Reynolds-numbers with the range of validity of the
different heat transfer correlations used in this investigation shows, that the
calculated Re-numbers are located at the lower end or in case of a low GT
exhaust flue gas mass flow out of the definition region of the Nu-correlations.
But for the dynamic simulation of the start-up or shutdown behavior of a
boiler an extrapolation of the heat transfer correlations must be done. This is
based on the circumstance that the lower boundary for the definition region
of all heat transfer correlations, which are known by the authors, are too
high for Re — 0.

The heat flow from the flue gas to the HPECO1 for the different Nu-
correlations is shown in Fig. 8. Between the simulation time of 4000 and
9500 s the graphs in Fig. 8 grow together. The decrease of the absorbed
heat flow approx. 500 s after simulation start is a reaction to the decreasing
flue gas mass flow (synchronization of the gas turbine). The second decrease
in heat flow (at approx. 1500 s) is caused by the increase of the absorbed
heat in the HPEVAP and IPSH during this period. The figure shows clearly
that there are differences in the absorbed heat flows between the analyzed
correlations during the start-up and also at the full load period. The highest
variety of the heat flux compared to the traditional ESCOA7,, correlation
was given by the equation according to Schmidt. A more representative

presentation of this relationship can be seen with the help of the relative
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deviation of the heat flow which is presented in Fig. 9.

All data used for Fig. 9 are referred to the traditional ESCOAp;; cor-
relation. The correlation according to Schmidt shows in the region around
full operation load of the boiler the highest values for the relative devia-
tion compared to the heat flow calculated with the traditional ESCOAr,,
correlation, while in the low Re-regions (see Fig. 7) the revised ESCOAr),
correlation shows under the current simulation conditions the highest value
for F,.. The relative deviation of the correlation according to Hofmann is
less than 5% except a very small period during the second decrease period
of the absorbed heat flow. Under full operation load the correlations ac-
cording to Hofmann and also the revised ESCOA7 ), correlation show the
lowest values for the relative derivation. The Nu-equation according to Hof-
mann underestimates while the revised ESCOAr,; correlation overestimates
the heat flow compared to the traditional ESCOA7), correlation (see Fig.
8). The equation according to VDI represents the best agreement with the
traditional ESCOA7), correlation at low Re-numbers. In this region all cor-
relations are out of their definition area and the heat transfer coefficient must
be extrapolated.

Figure 10 shows as a representative result of the numerical simulation
the absorbed heat flows of the HPEVAP, which is the heating surface with
the highest value of absorbed heat flow included in the HRSG. Every graph
in Fig. 10 represents the heat flow calculated with the help of one of the
Nusselt-correlations described in Section 3. It can be seen, that only under
full operation condition the absorbed heat flows differ among one another.

The highest difference is given with approx. 3 MW between the correlations
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of Schmidt (lowest value) and Hofmann (highest value). This difference is
equivalent to approx. 1.7% of the total absorbed heat flow of the boiler at
full operation condition. This results also in a change of the overall circu-
lation ratio from 6 (Hofmann) to 6.3 (Schmidt). The curve according to
Hofmann as well as to the revised ESCOAr,, correlation are located close to
the traditional ESCOA~r); correlation also at full operation condition.

A view to the relative deviation of the absorbed heat flow of the HPEVAP,
which is presented in Fig. 11, show a small deviation to the traditional
ESCOA7), equation. All investigated Nu-correlations show for F. over a
wide range of the simulation a value smaller than 5%. The high deviation
from desired value of the traditional ESCOAr,, correlation at approx. 500
and 8000 s after simulation start is given by the circumstance that the heat
flow changes the flow direction from e. g. heating to cooling the flue gas
(see small sketch in Fig. 12). Therefore the heat flux is close to zero, which
results in high values by calculating the relative deviation. This can be seen
also in the first and last period of the numerical simulation. During this
period F,. shows also higher values.

The development of the flue gas temperature over the time at the entrance
and at the exit of the HPEVAP of is shown in Fig. 12. During the first
approx. 600 s and the last period of the numerical simulation (> 8000 s, see
additional small sketch included in Fig. 12) the flue gas is heated up by the
HPEVAP. The graphs in Fig. 10 have shown that only under full operation
condition some differences in the heat flow is given between the different
correlations whereas the curves for the flue gas show also some variations

for the first approx. 600 s of simulation and during the GT shutdown. The
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curves of the flue gas inlet temperature calculated with the different Nu-
correlations differ mostly at the first period of start-up. This results in a
variation of the downcomer mass flow in the HPEVAP which is presented in
Fig. 13.

Figure 13 shows a comparison of the downcomer mass flow in the HPE-
VAP. It can be seen clearly, that the different evolution of the flue gas inlet
temperature at simulation start (< 600 s) results in a variation of the down-
comer mass flow. The curves which belongs to the correlations according to
Schmidt, VDI and ESCOA7,, traditional show approx. the same evolution
while the downcomer mass flow which belongs to Hofmann results to the
highest circulation mass flow during this period. The smallest downcomer
mass flow during this period is given by the revised ESCOAr,; correlation.
The calculation results with the revised ESCOA7,, correlation shows under
the analyzed operation conditions that between approx. 750 and 900 s after
start-up reverse flow of the fluid mass flow in the downcomer is possible.
This can lead under unfavorable operation conditions to a unstable behavior
(static instability like the Ledinegg instability) of the boiler, especially under
low operation pressure. Such a behavior for natural circulation boilers are
reported in the literature by e.g. [28, 1, 2, 3].

The above presented comparison are done from the view point of the
boiler behavior. In the following section the authors will give an explanation
of the results from the view point of the heat transfer correlation background.

The most important fact are the different temperatures of the tube bundle
heating surfaces, influencing the correlations of the dimensionless heat trans-

fer coefficients. As stated above, with a rising or decreasing temperature the
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Re-number decreases or rises and thus different heat transfer coefficients are
evaluated. This can be seen in the general formulation of the heat transfer
correlations presented above. A global comparison of the average heat trans-
fer coefficient at the HPEVAP, which is representative for all the heating
surfaces of the boiler, is depicted in Fig. 14. As seen, generally the lowest
heat transfer coefficients are evaluated with Schmidt’s correlation. This cor-
responds to the fact that these equations are evaluated mostly for annular
solid fins. The highest coefficients are found by the correlation of Hofmann.
This may be explained due to the exceed in range of validity partly of these
equations. A comparison of the heat transfer coefficients calculated by the
equations of ESCOAr,, traditional and VDI show a very small difference,
especially during start-up. In between Hofmann and ESCOAr); revised the
traditional correlation of ESCOA~7,, is located. It has to be noted that all
correlations according to their definition region are in general valid above
approx. 1000 s.

A detailed view into the tube bundle heating surfaces LPECO, HPE-
VAP, and HPECO1 will provide further information about the influence of
the different heat transfer correlations. Within the three compared heating
surfaces, the HPECOT1 is located near the flue gas outlet, upstream of the
HPEVAP. Due to lower temperatures, the Re-numbers are in the range of
approx. 6800. In Fig. 15 the relative deviation of the heat transfer coeffi-
cients, based on the traditional ESCOA7,, correlations, is presented. During
start-up and shutdown the range of validity is exceeded. Thus a high varia-
tion of up to 40% can be ascerteained within all curves. In the range of the

stationary operation at full load a remarkable difference between Schmidt
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and ESCOAr), traditional of almost 30 % is noticed. All other equations
are located within 15% deviation. As also found in the global consideration,
both the ESCOAr), revised and the VDI correlation has a good agreement.

Almost similar results are obtained within a comparison of the equations
at the HPEVAP. As a fact of the very close location of the heating surfaces
to the flue gas entry, the temperatures are very high. Due to high kinematic
viscosity, the evaluated Re-numbers are below 6000. At the lower Re-range of
all heat transfer correlations the deviation will increase, which may be seen in
the exponent of the Re-number, varying in between 0.6 to 0.75 (see Eq. (41)
to (50)). Thus different gradients within the functions are evaluated. A com-
parison of Fig. 15 and 16 indicates almost same heat transfer progression but
with higher deviations. The differences may also be amplified by fact of dif-
ferent tube row numbers. Each individual author defines different reduction
coefficients for the heat transfer at fewer tube rows. But the most formulas
for calculating heat transfer at finned-tubes are generally valid for a certain
minimum number of consecutive tube rows and indicates a critical value of
equal or more than 8 rows in flow direction. At the HPECO1 5 consecutive
tube rows and at the HPEVAP 12 consecutive tube rows are installed. In
the range of the stationary operation the deviations of all correlations except
Schmidt varies in between 20%.

At the upper end of the flue gas pass through the HRSG the LPECO is
installed. Apart from low temperatures and thus higher Re-numbers (ap-
prox. 8000), the deviations are small (see Fig. 17). As seen in Fig. 14
and 17, the equation of Hofmann evaluates for generally higher heat trans-

fer coefficients, than equations of the authors in the comparison. All other
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correlations are located very close together in between 2000 and 3000 s. The
LPECO is applied with two consecutive arranged tube rows, indicating also
any influences from tube arrangements. Depending on the longitudinal pitch
t;, the heat transfer coefficient differs for various tube bundle configurations.
Thus, different values of a reduction coefficient for a single tube row or two
consecutive arranged tube rows are obtained, compare values of e.g. [29] and
[24]. Considering this effect, Weierman [25] and ESCOAr,, in [6], stated

their reduction coefficient in dependence of ¢, /.

6. Conclusions

The influence of different Nu-correlations for finned-tubes, namely the
correlations according to Hofmann, ESCOAr,, traditional and revised, Schmidt
and VDI, on the dynamic behavior of a three stage HRSG under hot start-up
condition was studied theoretically. The study was done for a start-up and
shutdown sequence of a GT. Therefore the Re-number was in some parts of
the simulation out of the definition region of the different Nu-correlations
and must be extrapolated.

The investigation of the HRSG calculated with the different correlations
shows, that under the analyzed conditions the influence of the different cor-
relations on the overall behavior of the boiler is small. The total absorbed
heat flow of the boiler during the simulation was equal within small limits.

A further result of the analysis is, that the differences in the behavior of
the steam generator are given in the details. For the same heating surfaces
of the boiler the absorbed heat flow are different for the investigated corre-

lations. This results to different operation conditions in some parts of the
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boiler during the start-up and shutdown process. In the worst case the boiler
can lead to unfavorable operation conditions, e.g. reverse flow or a change of
the flow direction in some parts of the evaporators. In such a case a redesign
of the boiler must be done. Therefore it is necessary to accomplish all cal-
culations with the tube related correlations, especially for detail analysis or
the design of the bundle heating surfaces.

A further result is obtained by a comparison of the heat transfer coeffi-
cient at different heating surfaces. It is indicated that the choice of different
correlations at the gas-side mass flow inlet and outlet influences the design
properties of the HRSG.

In the next step the numerical results should be verified by measured data

at a real power plant.
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Table(s)

Table 1:

Fin Geometry Notation U-shaped I-shaped
segmented segmented

Bare tube diameter d, 38.0 mm 38.0 mm
Tube thickness 5 3.2 mm 4.0 mm
Number of fins per m Ny 295 276
Average fin height H 20.0 mm 15.5 mm
Average fin thickness 5f 0.8 mm 1.0 mm
Average tube length L 495 mm 500 mm
Average segment width bs 4.3 mm 4.5 mm
Number of tubes in flow-direction N, 8,6,4,2,1 8,4,2
Number of tubes per row Ny, 11 1
Longitudinal tube pitch t 79 mm 9 mm
Transversal tube pitch ty 85 mm 5 mm
Outside surface area for 8 tube rows A 84.48 m? 64.05 m?
Fin material DCO1 St 37.2
Tube material St 35.8 St 35.8
Net free area of tube row Apnin 0.2292 m? 0.2326 m?
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Table(s)

Table 2:
Name of Number  Number of  Number of Fin
the heating of tube parallel tubes  fins per  hight
surface layers per layer m tube  [mm]
HPECON5 12 74 275 17
HPECON4 5 74 275 17
HPECONS3 9 74 275 17
HPECON?2 5 74 275 17
HPECON1 5 84 275 17
HPEVAP 12 84 268 17
HPSH1 3 84 128 11
HPSH2 4 84 272 11
IPECO1 2 84 268 17
IPEVAP 6 84 257 17
IPSH 2 84 110 17
LPECO 2 84 268 17
LPEVAP 6 84 270 17
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Figure 5
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Figure 6
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Figure 7
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Figure 12
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Figure 13

Mass flow [kg/s]
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Figure 14
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Figure 15
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Figure 17

Rel. deviation of the heat

NN
o

< LPECO
< 20 —-}‘L—/ ]
c
Q0 [
O 0—h P —
e Lo e T ST T T T T T T T AT T T T
- S N DStz USRS SO
O .20~ I v _
e \
ilq—, R / e,
240 U ]
% - ——— ESCOArev. @ —— Hofmann
= T e Schmidt -—-= VDI

-60 | | . | . | .

0 2000 4000 6000 8000 10000

Time [s]





