Journal of Engineering and Development, Vol. 9, No. 1, March 2005 ISSN 1813-7822

Enhancement the Performance of Steam
Generation Power Plants

Asst. Prof. Dr. Ghanim K. Abad-Sada Eng. Wisam Qahttan Hussam

Mechanical Eng. Dept., College of Engineering M.Sc. in Mechanical Engineering
Al-Mustansiriya University, Baghdad, Iraq I. A .E. C., Baghdad, Iraq
Abstract

This paper deals with study of the mechanism of heat transfer between the
combustion of hot gases and water inside steam generator. The operating
conditions in these applications are designed to maintain heat flux lower than
critical heat flux (CHF) of tubes to prevent potential failure by overheating or
burnout. Critical heat flux is a condition in which small increase in heat flux
leads to abrupt wall overheating caused by transition from nucleate to film
boiling.

A mathematical models are arranged, covered the parameters affected the
mechanism of heat transfer such as fouling on both sides of tube surfaces. The
results show good agreement with published work.
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1. INTRODUCTION

Steam generator is the major component in the power plant. It is frequently
called boiler. It is used to convert the liquid inside boiler tubes to the steam due
to the hot gases of combustion on the outside of tubes. The combustion is
accomplished in furnace. The mechanisms of heat transfer take place between
combustion of hot gases and the liquid inside the tubes. It is well established that
fouling on boiler tubes surface have a profound effect on heat transfer
mechanism between hot gases and boiler tubes which is causing the overheating
of the boiler tubes. Internal deposit developed during the water boiling process
in the riser tubes of boiler fall in two categories. Some are found in situ based on
the boiler itself such as the thin film of magnetite particles (Fes0) @, which
develops on the surface during operation. Other results from contaminating
materials, which transported into the boiler from external sources such as
corrosion products released from the feed water and condensate system leakage
of corrosive materials. Deposit formation inside boiler tubes is still the most
serious obstacle which causes considerable reduction in mass flow velocity,
increasing heat losses, degradation in thermal efficiency and effect on the tube
metal temperature. Several comprehensive reviews of worldwide research on
fouling have been published.

Macbeth et. al. @, Observed a small reduction in burnout heat flux of order
(5-10) percent which results from a 0.1 mm thick deposit of porous magnetite
compared to that of clean tube.

Macbeth et. al. @, studied the effect of crud deposits on the frictional
pressure drop in annular test section. They found the effect of crud deposit with
single-phase water flow is large.

Glebov et. al. “, give the results of test rig investigations of effective heat
conduction of iron oxide.

Deposit of water wall Konakovo central power station. Results showed that
with increasing in the multiplier parameter of heat flux and thickness deposition
rate from (20 to 80) W/m, thermal conductivity of the deposits decreases from
(0.7 to 0.55) W/mK.

Mizuno et. al. ©, investigated the effect of concentration, heat flux and
pressure on the deposition of hematite particles on stainless steel.
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Kitto ©®, found that for large diameter boiler tube, the thin uniform deposits
at sub critical pressure have only a moderate effect on frictional pressure drop.
However, in super critical pressure boilers, the rippled deposits have been
shown to dramatically increase the frictional pressure drop.

V. Ganagpathy ", studied the effect of fouling on both sides of boiler
tubes. He found that exit gas temperature would increase, thus resulting in loss
of energy and reduced steam production .Wall temperature can increase
significantly leading to tube failures. Fouling on fireside leads to loss of steam
output and can increase the gas side pressure drop.

2. MATHEMATICAL MODEL

The mathematical models which will be analyzed consist of a U-tube shape
that compromised the down comer tube, where the fluids come to it from the
bottom headers at liquid state. The other leg of U-tube represent the riser at
which vapor nucleation occurs, starting with few individual sites at low heat
fluxes to saturation steam at a quality which does not exceed 30% ® before it
return to the drum as shown in Fig.(1). After a long period of operation of boiler
the fouling layer will be deposited on the waterside of the riser. The thickness of
fouling layer decrease with the riser height, so that this thickness will be
decreased to become a thin layer when part of the feed water changed to
saturation steam upstream of the riser tube. The inside diameter (ID) deposit is
generally concern in high temperature section. The thickest deposit may be
expected on tubes that are in the hottest sections of boiler ©. As a result the use
of hydrocarbons fuel in combustion process, solid product will be accumulated
uniformly on the outer surface of the riser tube. Solid product facing the flue gas
having a constant thickness and causing the riser tube to be fouled. Heat will be
transported from the flue gases of combustion to the fluid flowing in the riser
tubes (one dimension radial flow). The fouling layer causes a thermal resistance
to the heat flow.

2-1 Water Tube Boiler Heat Transfer

In a boiler, the heat transfer takes place by conduction, radiation and
convection between hot gases and liquid inside boiler tube as shown in Fig.(2).
Since the overall performance of the furnace flow circuits is controlled to a large
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extent by the furnace radiation, the objective of the two-phase flow heat transfer
evaluation is to prevent tube metal from overheating and failure. Boiling heat
transfer coefficient is sufficiently high so that tube metal temperature is kept at
acceptable levels as along as boiling conditions are maintained in the furnace
tubes.

2-1-1 Radiation of Heat Transfer from Flue Gases

The main factors effecting radiant heat transfer in the boiler are: flame
temperature, flame shape and fouling of heat transfer surfaces ®°.

The heat produced by the furnace is expressed as:

Q=HHV *m, *L0SSeS .............coiiiiiiiii e, (1)
The heat absorption by the tube () is expressed as:
q=st*sf*em*aso*(Tg4—To4) .......................................... 2)
Where
aso=m*d, kL, (3)

Shape factor will be taken unity ™, since the boiler furnace is like a large
room. The flame emissivity value depends upon luminosity, furnace volume,
and temperature. The emissivity factor it may range from a low approximately
0.65 to a high of nearly 0.95 ®2.

Heat resulted from combustion process will be changed from the radiation
form to the conductive form. Hence, heat rate passes through the heating surface
of the tube will be given in the form:

1
d o S oo 4
ZRT ()
RT :Rfo+Rm+Rfi ........................................................ (5)

The thermal resistance, which resists the heat flow through the tube, can be
defined in the following:
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_ 1 d,
m_Z*TE* k *Lr Ir-](dI .............................................. (6)
_ 1 dfo
fo — Z*R*Kfo*Lr In(do) ............................................... (7)
_ 1 d
Ry T 2wnrK, *L In(_dﬁ ................................................ (8)

The tube inside diameter which changes due to formation of fouling inside
it is given as:

d,

=d.

For the fouling tube the surface area will be based on the outer diameter of
the fouling tube (ds,):

2-1-2 Two-Phase Flow Heat Transfer

Chen “® has proposed a correlation that has been generally accepted as one
of the best available. The correlation covered both the saturated and the two
phase forced convective region. It is assumed that both nucleate and convective
mechanism occur to some degree over the entire range of the correlation
mechanism are additive.

The suppression assumptions are used as in the following:

My =P 0 (11)

1. Convective contribution Based on the Deittus-Boelter relation ship for a
liquid flowing alone in a heated conduit “® proposed for two-phase flow
fluid:

K
h, =0023 + (Re )8 * (pr, )** * (d—_f) SRR (12)
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where:
G. *xd. *(1-X.
Re; =—— X (13)
Ly
nCp
r=| ——
pr. ( " jf ............................................................. (14)
The parameter F is calculated by
F=1 for UxXe <01 cooeeeoieeeee.. (15)
1 0.736
F=2.35(X—+0.213J for /x4 >01 . oo, (16)
it

where xtt is:

0.9 0.5 0.1
it Xi pf “f ........................................

2. Nucleate boiling contribution (hp)

Chen ¥ equation was taken as the basis for the evaluation of the
nucleate boiling component. Their pool boiling analysis was modified to
account for the thinner boundary layer in forced convective boiling and the
lower effective superheat that the growing vapor bubbles.

The modified Chen equation becomes:

h,, =0.00122%C* AT, "™ *AP_ "™ *S ... (18)

sat sat
where:

0.79 0.45 0.49
K * CP % py

0.5 0.29 0.24 024 ‘tCtttrereteerecesescccicececnen
6T x g ox h T py
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ATsat = T| — To ........................................................... (20)

APsat = Pi _Psat ........................................................... (21)

Re_ =Re *F 107 e, (22)
Tp f

(1+0.12(Re;,)*)"  For Re;, <32.5

S=| (23)
(1+0.42(Re;,)*)"  For Re;, >32.5

When we use the Chen convective contribution for riser tube the formation
of fouling must replace the inside diameter for clean tube with that of fouling
tube.

2-2 Burnout Correlations
Several correlation are available “***®. Ganagpathy > was used to find the
critical heat flux inside a vertical tube. The correlation has the following form:

g, =0.016212%10° * (h,, *d, )(G,/10°)** # (1-X,) .....ceeennnnnnne. (24)
where actual allowable burnout heat flux lower on the order (10 to 30) %.

_q
qcr - o 13 ............................................................... (25)

The root mean square error (R.M.S) on available data was 15% and 8% at
140 bar and 80 bar respectively.

2-3 Boiler Tube Waterside Fouling

After along period of operation crude layer will be deposited on the
waterside of the riser wall and the thickness is increased according to the
increasing operation time. The deposit weight (w) was proportional to the heat
flux according to the following equation ®:
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*Cl*t
W:hfg+gp(Tsat—Tb) .................................................. (26)
The weight of crude deposits can be expressed as:
LA P (27)
The thickness of crude deposit is given by:
L =K Ry (28)
Sub. eq. (28) into eq. (27) yield:
W=pa*xKa* R (29)

2-4 Water Tube Boiler Circulation

Rational design of boiler circuits to ensure the necessary circulation of the
contained fluid requires the evaluation number of variables. In establishing these
variables use is made of accumulated data on limiting values and design criteria
derived from laboratory test and measurements from operating boilers.

The principle of circulation in any natural-circulation boiler is shown in
Fig.(1). The saturated water flows from the steam drum high in the boiler,
through the supply or "down comer” tubes, located in the cooler part of the
boiler to the bottom or "mud drum". From mud drum, the water flows back to
steam drum through the evaporator or "riser" are separated and the steam is
washed and dried before it sent to the super heater. Basically the flow of water
should:
© Prevent burnout
® Prevent on-load corrosion.

2-4-1 Pressure Losses in Riser Tube

Losses in riser tube include all the losses that take place in down comer
tube in addition to acceleration losses. The individual pressure drops vary
considerably along the riser the riser tube. In comparison with down comer tube,
the case of two-phase requires additional information on the phase velocities and
phase distribution.
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The homogenous flow model remains the best for calculation. The losses in
the riser tube consist of:

2-4-1-1 Acceleration Pressure Drop (Apacc)Tp
The change in static pressure drop of flow as a result of acceleration can be
calculated from the change in flow momentum as follows ®);

PY 20| Xv (A-X)°

[ﬁij_Gi Zal|: p—— (1_00} ..................... (30)
_ollx2, @-X | x  @-x°

(A PaCI)Tp_Gi {pg+ Pt }0 {Pg_'_ Pf } - 8D

2-4-1-2 Hydrostatic Pressure Drop (A pgrav)Tp
The change in the potential energy of the fluid. Homogeneous model gives
this loss as:

(APgrav);, =pry * %L, L.ooiiiiiiiiiii e (32)
X 1-X
P To T 33
™ pg pf ( )

2-4-1-3 Friction Pressure Drop (Apf)1p
Kohler *” defined the homogeneous flow model describes a two-phase
flow in a similar way to single-phase.

L, *G,”

(AP, . ) =T =
Frict.ZSP T 1 7 ) L Al . . ceesscscccsssssssessssssscncsssssnnns
2xdy *p;

and:

(AP )y =OLo” * (AP i)y v (35)
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where:

(APfrict)S
Ly’ = 36
(APfrict )Tp ( )

The Friedel equation ®” comprises an empirically determined products
approach to calculate the two-phase multiplier. For vertical upward and
horizontal flow this results:

2 3.42%E2*E3
(PLO _E1+|:Frfo_o45*Wef0_035]*8 ........................................... (37)
where:
peT
El(lx)2+x2[ Li g} ................... (38)
p T
g T
B2 =X (=0 o (39)
0.91 0.91 0.7
E3=| £t (“—g) ( —”—QJ ......................................... (40)
Py g He
where:
G 2
F = e OO R EPRPRERRORIS (41)
r g= dlr * pr
G’
= (42)
pr
where (B) is term for rough tubes given as:
B=05 [L+1070 6/ | 43)
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3. RESULTS AND DISCUSSION

The waterside and fireside distribution along the riser tube is depicted in
Figures (3) and (4) respectively. It can seen that the temperature on both sides
of tube is deceased when the fluid moves upwards as a result of decreasing the
rate of heat transmitted from the flue gas to the flowing liquid inside the tube.

When the fouling deposits on the tube sides, both waterside and fireside
temperature at each section will be increased, because the fouling have a low
thermal conductivity which impend the heat produced from the flue gases to
transmit across the tube wall to the fluid inside tube.

The increase in the temperature values directly proportional to the
thickness of the fouling layer. So, it can be seen that the highest temperature is
existing at the lower section of the tube.

The increase in the temperature will drastically reduce the life of the tube.
Excessive stresses associated with thermal expansion and different loading,
leading to the tube cracks and failure. It can be seen also that a small layer of
fouling layer increases the exit gas temperature as shown in Fig.(5).

Figure (6) shows the behavior of heat flux. It can be seen that the heat flux
is decreased along the riser height according to decrease in degree of superheat
along the tube.

The degree of superheat is inversely proportional with increasing fouling
thickness. The fouling acts as a thermal barrier to lower the heat flow through
the wall and on the other hand increase the heat losses in comparison with the
case of a clean tube.

The pressure drop due to acceleration is decreased along the riser tube as a
result of the change in the momentum which its value upstream of the tube is
reduced due to increase in the steam quality along with the decrease in
thickness of the liquid film adjacent to the surface as shown in Fig.(7).

The increment in fouling layer at different segments of the tube caused a
rapid increase in the acceleration pressure drop, which is associated with the
increase in the steam quality as shown in Fig.(8).

The pressure drop due to friction is shown in Fig.(9). It can be seen that
frictional pressure drop is increased with the increment in fouling layer. The
effect of two-phase multiplier is very low on the variation of pressure drop due
to friction since, its value slightly changed with increment of fouling layer

R
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because the seam quality remain unchanged as shown in Fig.(10). A possible
explanation for this large frictional pressure drop in the case of fouling
compared with that of clean is that deposits produced a bigger drag on the flow
than clean tube (high mass velocity).

4. CONCLUSION

Fouling, like vapor blanketing, has other adverse effects than loss of heat
transfer capabilities, especially when it occurs on the waterside of the boiler
tubes. In this case tube overheats and failure may be hazard. Beyond these
deposits fouling acts as concentration cell for corrosive agents, which in
combination with higher corrosion rate at elevated temperature lead to tube
failure.

The increase of wall temperature will drastically reduce the life of the tube.
Excessive stresses associated with thermal expansion and different loading, lead
to tube cracks and failure.
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NOMECLATURE
Symbols
Ci Concentration of corrosion product
d, Inside diameter of clean riser tube
diq Inside diameter of down comer tube
ds Inside diameter of fouled riser tube
d, Outside diameter of clean riser tube
d Outside diameter of fouled riser tube
Em Flame emissive
F Convective boiling factor
f Friction factor
Gi Mass flow velocity
H Heat transfer coefficient
H ¢ Latent heat of vaporization
Hi Enthalpy of the fluid
Ksi Thermal conductivity of Inside Fouling Layer
Ko Thermal conductivity of Outside Fouling Layer
Knm Thermal Conductivity of Tube Metal
L Tube length
LHV Lower heating value
I Fluid mass flow rate
m¢ Fuel mass flow rate
P Boiler operating pressure
Pi Saturation pressure at Inside Wall Temperature
P Saturation pressure at Fluid Saturation
sat Temperature
APy Acceleration pressure drop
APsrict Acceleration pressure drop
A Acceleration pressure drop
ATy Degree of superheat
Q Heat transfer rate
Q Heat flux
Jer Critical heat flux
(1) Safety critical heat flux
R; Total thermal resistance
S Supperation factor
St Shape factor

St

Stefan Boltzman constant

V¢

ISSN 1813-7822
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Greek

(S
~ZMo < Tm

Subscripts

C
D
f
fi
fo
G
|
Nb
O
R

Bulk Temperature of fluid

Flue gas temperature

Inside wall temperature

Outside wall temperature

Thickness of outer fouling layer

Thickness of inner fouling layer

Saturation Temperature of Fluid

Weight of fouling layer K
Local steam quality

Weber number

Burnout steam quality

Martinelli parameter

Length of riser tube segment m

%xaaxxx

Void fraction
Tube roughness
Boiler efficiency

Dynamic viscosity Kg/m sec
Density Kg/m®
Surface tension N/m
Specific Volume m*/kg

Two-phase multiplier friction factor

Convection
Down comer
Fluid

Waterside
Fireside

Gas

Inlet

Nucleate boiling
Outlet

Riser

TOE—Qc==-00

\o
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Carbonsteel Riser Tube
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