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ABSTRACT

The market for fire tube boilers is increasingly demanding custom designs from the manufacturers. For these new
designs, a comprehensive thermal model is needed. In this article, both a steady state and dynamic thermal
model is developed based on the plug flow furnace model with general experimental correlations. The steady
state model allows optimizing (i.e. safely downsizing) boiler designs. This model has been verified with mea-
surement reports. The dynamic model is used to estimate the peak load capability of a boiler. In the presented
case, the fire tube boiler can produce up to 2.5 times the nominal steam flow rate for a period of 10 min. Special
attention has been paid to the turn boxes and their specific placement, which other models in literature neglect.
The efficiency penalty of a non-submerged turn box can reach up to 12% but can be reduced significantly by
insulation. Turn boxes also affect peak load capability. If the total length of the boiler is constant, submerging the
turn box has a positive effect on the peak load capability. This effect is mostly attributed to the increased water
volume. Finally, the article includes a comparison between the plug flow furnace model the e-NTU method and
the e-NTU method with inclusion of radiation to model the tube passes. The e-NTU method with inclusion of
radiation allows to significantly reduce the necessary number of control volumes without reduction in the model
accuracy.

1. Introduction

power grids and as peak boiler in larger grids.
Fig. 1 shows a schematic drawing of a fire tube boiler. The boiler

Fire tube boilers provide steam for a wide range of applications in
the process industry. They operate at pressures up to 20 bar with steam
flow rates up to tens of ton per hour. Compared to water tube boilers
which produce steam up to 250 bar with flow rates in the range of
hundred ton per hour, these are relatively low pressures and steam flow
rates [1]. Consequently, water tube boilers are used for power pro-
duction while fire tube boilers are mostly used for providing heat to
industrial processes or municipal heat networks, combined heat and
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consists of a large vessel, partially filled with water. The vessel contains
a system of flue gas channels. The flue gas channels are heated by a
burner and are submerged under water. If not submerged, the tubing
could overheat leading to boiler failure [2,3]. By firing the burner, hot
flue gasses are routed through the boiler and the water evaporates.
Steam collects at the top of the vessel. The flue gas system consists of
several heat exchangers. Firstly, there is the furnace in which the
combustion takes place. The flue gas is then turned by a turn box and
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Fig. 1. Schematic drawing of a three pass fire tube boiler design with submerged turn box after the first pass and a non-submerged turn box after the second pass.

rerouted through the first tube pass. The furnace and the tube passes are
called the gas passes. Turn boxes are thus the connection between the
different flue gas passes. Gas flow in consecutive passes is reversed and
therefore the primary goal of the turn boxes is to reverse the flow. There
are two types of turn boxes: submerged and non-submerged. A sub-
merged turn box acts as an extra flue gas pass, transferring heat to the
water/steam mixture. In contrast, a non-submerged turn box causes a
heat loss to the ambient. Additional heat losses that are incurred can be
reduced by providing effective insulation. Fire tube boilers’ construc-
tion can differ on two major aspects. Firstly, the number of flue gas
passes can differ from typically a three pass boiler (e.g. furnace and two
tube passes) to a four pass boiler. Depending on the number of tube
passes, the flue gas is rerouted through the boiler two or three times (a
three pass or four pass boiler). Secondly, there is the difference between
a submerged and non-submerged turn box. Non-submerged turn boxes
are cheaper to construct but result in a low thermal efficiency of the
boiler.

There are two approaches to the thermal design of fire tube boilers.
A first method is using standard catalogue designs characterized by a
nominal steam production and pressure. Another way is with a thermal
design model which can be used to make custom designs tailored to a
client’s need. A thermal design model can characterize a boiler both by
steady state characteristics like the nominal steam production and by
dynamic characteristics. These dynamic characteristics specify the
ability of the boiler to deliver peak loads, one of the common operation
modes of fire tube boilers.

A steady state model can serve as a design model [3-5]. These
models all separate the fire tube boiler in three zones: a flue gas zone, a
metal zone and the water/steam zone. All three models focus on the gas
to metal heat transfer in the fire tubes. Although the shell side behavior
is important in the operation of a fire tube boiler [6-8], it has a minor
effect on the steady state heat transfer [5]. The major difference lies in
the determination of heat transfer parameters. Huang et al. [5] ex-
perimentally fitted the well stirred furnace model [1] to a fire tube
boiler while Rahmani et al. [2,4] divided the boiler in furnace and tube
passes and estimated heat transfer coefficients using general correla-
tions. Since the approach of Huang et al. [5] requires additional ex-
periments, it cannot be used in the design stage. The approach by
Rahmani et al. [3] can be used in the design phase but it does not
include a description of the turn boxes. There is also no comparison
between different modeling options for the tube passes. These modeling
options are based on underlying assumptions on the importance of ra-
diative heat transfer, and therefore a comparison can improve the un-
derstanding of heat transfer in the tube passes.

Several dynamic boiler models can be found in literature. Three of
these models require limited or exhaustive experimentation [9-11]. For
example Huang and Ko [9] expand the steady state model of Huang
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et al. [5] by adding the time derivatives to the conservation equations.
The energy and mass content of the gas zone is neglected and the
equations are linearized around an operating point. The model’s para-
meters are determined by fitting the model to experimental data as a
function of the firing rate and the steam operating pressure. This is in
contrast to the steady state model, where the heat transfer was assumed
to be constant over a large range of operating parameters. In contrast to
Huang and Ko, Sgrensen [12] does not use experiments to determine
the heat transfer coefficients. However, experiments are used to de-
termine the water level of the boiler. Where Huang and Ko [9] and
Serensen [12] use physical insight and a limited amount of experi-
mentation, Vasquez et al. [10] use extensive experimentation to per-
form a systems identification of a fire tube boiler.

There are also models which do not require experiments [11,13,14].
Gutiérrez Ortiz [13] uses a similar model as Huang and Ko [9] but does
not linearize the equations. The author presents both a rigorous model
estimating the heat transfer and a simplified model. In the simplified
model, the heat transfer is calculated as the product of the firing rate
and an assumed efficiency, therefore it is not useful for evaluating the
effect of design choices on heat transfer. The rigorous model was not
implemented by Gutiérrez Ortiz and only a qualitative validation of the
simplified model was made. Tognoli et al. [11] expanded the model
presented by Gutiérrez Ortiz by applying the rigorous model. The re-
sulting dynamic model is used to estimate variations in steam pressure
due to a step in steam mass flow rate. The article highlights the pos-
sibility to significantly downsize boilers without loss of dynamic per-
formance, however it does not investigate peak load performance. Bi-
setto et al. [14] developed a numerical dynamic model for a fire tube
heat generator producing hot water. The three pass heat generator is
divided into three zones: flue gas, metal and water volume. The flue gas
and metal zone are subdivided in five control volumes: the furnace, two
tube passes and two turn boxes. The effect of turbulators in the tube
passes is investigated by CFD and experiments. The article however
does not include a description of the peak load capabilities of the heat
generator which is a major design criterion.

The present article first develops a steady state model for the heat
transfer in the boiler which can be used for sizing novel boiler designs.
In the tube passes, three model variants are compared: the plug flow
model as used by Rahmani et al. [4] and, the effectiveness number of
transfer units (NTU model) model with and without accounting for
radiation. Furthermore, the steady state model investigates the effect of
a submerged turn box on the efficiency of the fire tube boiler. It is
verified using chimney temperature boiler data. Secondly, a dynamic
model is developed which can determine the peak load capability. Peak
loads are often encountered in boiler use and therefore should be es-
timated in the design phase. Besides the effect on efficiency, the effect
of a submerged turn box on peak load capability is also examined.
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Finally, the influence of the operational parameters on boiler peak load
are investigated.

2. Steady state model development

The steady state model in this work is based on a three flue gas pass
design with one submerged turn box, as shown in Fig. 1. An alternative
design with the first turn box not submerged is also modeled and
compared. The modelling approach is similar to the approach of Rah-
mani and Trabelsi [4], but includes the turn boxes. The steam boiler is
considered as several heat exchangers in series, submerged in a uni-
form, saturated water volume. A two-phase water/steam zone, metal
zone and gas zone are discerned. The model design comes down to
determining the state of each zone and the heat transfer from one zone
to another.

The two-phase water/steam zone is modelled by a single control
volume and thermodynamic equilibrium between the phases is as-
sumed. The evaporation pressure is imposed by the pressure set point of
the control logic. The steam production is then equal to the ratio of the
total heat transfer to the specific energy required to heat feed water to
saturated steam.

The gas zones are divided into multiple control volumes for the
furnace and tube passes and one control volume for each of the turn
boxes. Expressing the conservation of mass, energy and momentum on
the control volumes results in a set of equations which determines the
gas and metal zone states. For a control volume i the conservation of
energy in steady state is given by Eq. (1). In Eq. (1) the superscripts i
and i — 1 denote the control volume, Q. denotes the combustion heat
release and ng denotes the heat transfer from flue gas to the metal.

titg (hi™' = b)) = Q; — Qg ey

Since the heat transfer from gas to metal Qg is a function of the gas
temperature, the left hand side of Eq. (1) is rewritten to solve for the gas
temperature. This is done by rewriting the enthalpy difference as the
product of the average specific heat capacity and the temperature. For
the outlet enthalpy difference, this poses the issue that the specific heat
capacity cannot be determined, as the outlet temperature is not known.
In the work of Rahmani and Trabelsi [4] and Bisetto et al. [14], the
specific heat capacity at the outlet temperature is assumed to be ap-
proximately equal to the specific heat capacity at the inlet of the control
volume, resulting in Eq. (2).

Ti= 1 (@l - @)+ T
g -1 ee gm g
gCp

@

However, this is only justified if the heat capacity difference over
the extent of the control volume is negligible. This can be satisfied by
increasing the number of control volumes, but at a penalty of increased
calculation time.

An alternative to using Eq. (2) can be found by using an implicit
scheme and solving the set of equations in an iterative manner. The gas
enthalpy is linearized around the value found in a previous iteration.
This results in Eq. (3), where the subscript 0 denotes the value obtained
at the previous iteration.

hy = hgo + ¢p0(Ty = Tg0) 3)
Substituting Eq. (3) in Eq. (1) results in Eq. (4).
T = Ti 1 1 i 51 hi=1 i—1cpi-1 _ pi-1 i
g~ 1go + 5 7(Qc - ng) + 8,0 + cp,o( g — 1go/) T Mgo
cp,O mg
(C)]

Using Eq. (4) to solve the temperature field in the furnace obtains a
difference below 0.1% on the total heat transferred in the furnace for
100 control volumes compared to 200 control volumes. The difference
remains below 1% with 20 control volumes while handling specific heat
capacity differences of up to 9% between consecutive control volumes.
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To solve the resulting set of equations, the heat transfer from one
zone to another, the heat release by combustion and the pressure drop
across the control volumes are determined.

2.1. Furnace and tube pass

The heat release by combustion is modelled by an exponential re-
lease law as is done by Gutiérrez Ortiz [13]. Rahmani and Trabelsi use a
parabolic release law [4]. The release law should be fitted to the burner
installed in the fire tube boiler. The heat transfer rate ng between the
gas and metal zone is modelled by the plug flow furnace model as
shown in Eq. (5).

ng = gradU(Tg - Tr‘r‘u) + hcAmi(j;; - Tmi) (5)

&qq denotes the total radiative heat transfer coefficient. Under the
assumption of an infinitely long tube without axial radiation it can be
written as Eq. (6) [1].

1

_)’1

Eg

1—¢,

8rad = Ami( +

Em

(6)

Apy; is the inner metal surface area, &, the metal emissivity and ¢, the
gas emissivity. The gas emissivity is determined using a polynomial
approach by Taylor and Forster [15]. The correlation is valid between
1200 and 2400 K and takes both the gas temperature, the geometry of
the enclosure and the partial pressure of CO, and H,O into account.
Outside this range, a correlation by Talmor is used [16] taking only the
combustion gas composition into account. The emissivity correlations
have large uncertainties up to 35% [17]. However the uncertainty on
the emissivity and determination of g..4 resulted in an uncertainty on
the total heat transfer of less than 0.2%.

The inner metal wall temperature T,,; is determined by an equiva-
lent thermal resistance network, as used by Huang et al. [10]. The
thermal resistance on the water side is determined using the nucleate
boiling correlation of Cornwell [18] given by Eq. (7). In Eq. (7), d, is the
outside diameter, g the heat flux, A the latent heat of evaporation, and u
the dynamic viscosity.

0q

d 0.67
A

Nu = 100(

()

In the tube bundles, a correction by Gorenflo [3] is made for the
effect of closely packed tubes given by Eq. (8).

) (®

h. denotes the convective heat transfer coefficient and is determined
by the Gnielinski correlation [8]. The correlation determines a turbu-
lent Nusselt number in the turbulent region (Re > 4000), a laminar
Reynolds number in the laminar region (Re < 2300) and a linear in-
terpolation based on the Reynolds number in the transition region. The
turbulent correlation is given by Eq. (9).

)0445

[1 +(4
L
©

In Eq. (3), d is the tube diameter, L the tube length, T}, the bulk gas
temperature, T,, the wall temperature and Pr the gas Prandtl number. ¢
represents the friction factor for turbulent flow in tubes. It is de-
termined by Eq. (10).

& = (1.8log,yRe — 1.5)

1

h=hg|l+—
“( 2 + /1000

(£/8)(Re — 1000)Pr
1+ 127878 (Pri - 1)

T

NG

T,

Nuturb =

10

In the laminar regime, there is a difference between a uniform wall
temperature and a uniform heat flux boundary condition. The wall
temperature is closer to the water temperature than to the gas tem-
perature as a result of the high heat transfer coefficient on the water
side [4,5]. Since the water state is constant and uniform in the present
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steady state model, the metal wall temperature will vary slightly along
the flow length compared to the gas temperature. On the other hand,
the varying gas temperature has a direct impact on the heat flux.
Therefore, the uniform wall temperature boundary condition is adopted
and Eq. (11) is used to determine the laminar Nusselt number. The
effect of the thermal and hydraulic development length is taken into

account.
2\ [RePr)’
Nuygm = 43.66° + [1.6153/RePrd/L P + (7) |
1+ 22Pr VL a1

Eq. (5) is comprised of a radiative and a convective part. Radiation
is less important in the tube passes and is therefore often neglected [2].
If convection is dominant, convection dedicated methods such as the e-
NTU method [9] can be applied. If radiation is important but not
dominant, radiative heat transfer can be included by linearizing the
radiative heat transfer as a function of the temperature difference. A
radiative heat transfer coefficient given by Eq. (12) is added to the
convective heat transfer coefficient.

_ Ugmd(Tg - Trt)

G ) 12)

The e-NTU method needs less control volumes compared to the plug
flow furnace model to accurately predict heat transfer. In this work,
three models are made and compared. One model uses the plug flow
furnace model in the tube passes (further called the PF variant), the
other model uses the e-NTU method in the tube passes (further called
the NTU variant), the other model uses the NTU method but linearizes
the radiation (further called the NTURAD variant). The results for both
models are compared in the results section.

2.2. Turn boxes

The turn boxes are analyzed using similar equations as for a tube
pass, but with adapted geometrical parameters. The submerged turn
box is modelled using Eq. (1). The total radiative heat transfer coeffi-
cient g4 is determined by Eq. (6). The flow pattern inside the turn
boxes complicate the definition of the convective heat transfer coeffi-
cient. Several convective heat transfer phenomena occur. Firstly, there
is the jet impingement of the flue gas from the furnace on the back wall
of the submerged turn box. Secondly, the flow turns along the wall and
enters the consequent turn box. To the authors’ knowledge, no dedi-
cated correlations exist. However, jet impingement on the back plate is
expected to be dominant over the convection induced by the turned
flow.

Therefore, the convective heat transfer coefficient is determined
from correlations of jet impingement [5]. The metal temperature and
waterside heat transfer are treated the same as for the furnace and tube
passes.

The non-submerged turn box results in radiation losses to the am-
bient. Since the heat transfer coefficient on the flue gas side is larger (jet
impingement, forced convection and radiation) than on the ambient
side (radiation and natural convection at lower temperatures), the
thermal resistance on the gas side is neglected. The inner wall tem-
perature of the non-submerged turn box is thus taken as the flue gas
temperature. The loss is determined by solving Egs. (13) and (14).

. 1
Qoss = AU(T; - T;mb) + 7(7;' — Tamb)
R[o[

13

1, = Tg - QlossRcond 14

A is the outer surface area, o the Stefan Boltzman coefficient, T, the
outer wall temperature and Ty, the ambient temperature, R, is the
total conductive and convective heat transfer resistance from the inner
wall to the ambient and R.,,q is the conductive heat transfer resistance
of the turn box wall.
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2.3. Pressure drop

Besides the temperature, the pressure drop is estimated. The mo-
mentum balance is solved, which accounts for the pressure changes due
to the changing density. Frictional effects are taken into account by
using the friction factor as determined by Filonenko [19] in the tube
passes and the furnace, and a sharp elbow loss and entrance loss [20]
for the turn boxes. The resulting system of equations is coupled with the
energy conservation equations. However, a sensitivity analysis based on
the model of Rahmani and Dahia [3] showed pressure losses have no
significant influence on the temperature profile of the fire tube boiler.
The momentum and energy equations can thus be solved separately. In
the present article, the energy equation is first solved, afterwards the
pressure equation is solved.

2.4. Verification

The model is verified using measurement reports on the operation of
two boiler geometries. The measurements reports are taken as a re-
quired control on efficiency and performance of in situ boiler installa-
tion and were provided by Deconinck-Wanson in personal commu-
nication to the authors. The chimney temperature is measured at
different burner firing rates, expressed as a firing rate. The firing rate is
the power supplied by the burner expressed as a percentage of the
nominal burner power.

For firing rates between 100% and 40% the maximum difference of
the chimney gas temperature is 12K (see Fig. 2). This is within the
reported accuracy for Rahmani and Trabelsi’s model [4]. At lower firing
rates, both models are less accurate with a maximum error of 15K for
the PF model and 20K for the NTU model. At high firing rates the PF
model and NTU model give very similar results. This effect is further
investigated in the results section of this paper.

25

PF model |
20/ NTU model
15/

10}

>
oe

-5

Temperature difference [K]

L ]=]

-10/

20 40 80 100

. e 60
Firing rate [%]
Fig. 2. Difference between calculated and measured chimney temperature;
different color per measurement set.

The simulations in the remainder of the article are based on one of
the boilers described in the measurement reports. The boiler char-
acteristics are given in Table 1.

2.5. Model variants comparison

The model has to be implementable in a numerical optimization
strategy to aid design. Numerical optimization typically requires a large
amount of model calculations. Increasing the speed of the model is thus
valuable. Therefore, an alternative model for calculating the heat
transfer of the tube passes using an e-NTU method [21] is investigated.
The &-NTU method allows describing heat transfer and temperature
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Table 1

Boiler characteristics.
Power 1.252 MWth
Steam production 2 ton/h (~0.55kg/s)
Steam content 9471
Water content 40491
Length 3.75m
Width 2.015m
Height 2.42m

distributions in convective dominated heat exchangers. The method
solves the temperature distribution of the heat transferring fluids.
However, several assumptions are necessary. Firstly, the fluid proper-
ties are assumed constant. Secondly, the radiation is either neglected or
linearized with respect to the temperature difference. Using the e-NTU
allows reducing the number of control volumes compared to models
which use an implicit Euler method. Since less control volumes are
needed for the same accuracy, the model calculation time can be de-
creased. However, the e-NTU method can only be applied if the tem-
perature change is small enough for linearized radiation to hold. None
of the models found in literature use the e-NTU method, although
Rahmani et al. [3] neglects radiation in the tube passes. In this paper,
the applicability and advantages are assessed quantitatively for a spe-
cific case.

Three alternative models are compared: the plug flow model (PF),
the e-NTU model without radiation (NTU) and, the e-NTU model with
radiation (NTURAD). Their performance is analyzed both at nominal
firing rate and at a reduced firing rate of 40%.

The thermal efficiency and chimney flue gas temperature are first
used as performance criteria. The PF and NTURAD model calculate the
same efficiency (up to 0.1%) and the same chimney temperature (up to
1K) both at high and at low load. Yet the NTU model’s results differ
more strongly with a deviation of 0.5% in efficiency and 5 K in chimney
temperature at low load. These are acceptable values with respect to the
uncertainty of the model, therefore the global performance of the
models is quite similar.

The local deviation of the gas temperature is a second, more local
performance criterion. As for efficiency and chimney temperature, the
PF and the NTURAD model results differ maximum 3.8 K with a root
mean square deviation (RMSD) limited to 1.8 K. In contrast, the NTU
model deviates up to 110 K which can be associated with neglecting of
radiation in the tube passes by the NTU model. Remarkably, radiation
makes up 25% of the heat transferred in the first and 12.5% of the heat
transferred in the second tube pass. Furthermore, the NTU model’s
performance differs for high and low firing rates. The maximum tem-
perature deviation and RMSD are higher at low loads than at high loads
for the NTU model. This seems contradictory with the higher gas
temperatures at high firing rate. However, the relative impact of the
radiative fraction in the tube passes increases at low firing rates. As a
result, the first tube pass heat transfer is underestimated by 8% by the
NTU model when compared to the plug flow model. Due to increased
gas temperature calculated at the start of the second tube pass, the heat
transfer of the second tube pass is overestimated by 60% by the NTU
model compared to the plug flow model. Therefore, models such as the
model by Rahmani and Dahia [2] or the NTU model which neglect
radiation in the tube passes are not capable of accurately estimating
local gas parameters.

Although both NTURAD and PF model are suited for simulating fire
tube boilers, they differ in terms of grid convergence. The convergence
of heat transferred and chimney temperature is checked using the
method of Roache [22] (Table 2). The error of the PF model for a grid of
5 control volumes is 18 K compared to 0.5K for the NTURAD model.
The NTURAD is thus superior to the PF model with respect to grid
convergence and will be used in the remainder of this article. The used
grid has 11 control volumes in the furnace and 5 control volumes in the
tube passes, resulting in an error below 0.3 K for chimney temperature
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and 0.04% for total heat transferred. Note that all deviations of heat
transfer rate are given normalized to the heat transfer calculated with
the reference grid.

3. Dynamic model development

A dynamic model is developed to estimate the transient state of the
boiler which includes the mass and energy content of the boiler. Similar
to the steady state model, three zones are discerned: the flue gas, metal
and water/steam zone.

3.1. Flue gas model

The state of the flue gas is of less significance for the boiler’s per-
formance than the metal and water/steam zone. Firstly, the energy
content of the flue gas zone is two orders of magnitude smaller than the
energy content of the other two zones. The driving force of the flue gas
is larger than the driving forces for the metal and water zone.
Therefore, the time constant of the flue gas zone’s energy is orders of
magnitude smaller than the other two zones. Secondly, the water/steam
zone’s mass content is orders of magnitude higher than the flue gas
zone’s mass content. Therefore, the time dependency of the flue gas
zone’s mass and energy content can be neglected. The resulting flue gas
model is in steady state with the metal temperature. The steady state
flue gas model can thus be reused in the dynamic model.

3.2. Metal zone model

The metal phase is divided into control volumes as is done in the
steady state model. For each control volume, Eq. (15) expresses the
conservation of energy. m denotes the metal’s mass; c,, the metal’s
specific heat.
mcmddltm = ng — Qmw (15)

The heat transfer rate between metal and water/steam zone, Qpyy, iS
calculated by assuming nucleate pool boiling. The Cornwell correlation
is used to estimate the pool boiling heat transfer coefficient [18] with
the Gorenflo correction in the tube passes [3].

The time derivative of the metal temperature ddi;" is a function of the
metal temperature T,, and the water temperature T,,. Since the water
temperature varies slowly compared to the metal temperature, the
metal zone is simulated assuming a constant water temperature.
Serensen [12] followed a similar approach for the development of a
dynamic boiler model. As a result, the metal temperature as a function
of time is determined by integrating Eq. (14).

Numerical integration can cause convergence problems with metal
temperatures lower than the water temperature. To prevent these un-
physical results, a smaller time step can be chosen. However, a smaller
time step increases computational time. The problem can be avoided by
rewriting Eq. (14) as an ordinary first order differential equation (ODE).
Accordingly, the metal temperature at the next time step can be solved
analytically. The analytical solution is inherently bounded by the water
temperature and therefore it will not yield unphysical results.

Eq. (14) is rewritten as an ODE. Firstly, ng and Q,,, are expressed
as the products of a thermal conductance respectively S, and S, and the
temperature difference between flue gas and metal, and metal and
water. Substituting Qg and Q, in Eq. (15) results in Eq. (16). After-
wards, Eq. (16) is rewritten as an ODE given by Eq. (17). The coeffi-
cients a and b are defined by Eq. (17).

dT,
mcm? - Sg(Tg - Tm) - Sw (Tm - ’1;4)) (16)

dT,

dt

1
mey,

1
(Sgrq = SyTw) — m_Cm(Sg + Sy) Ty = a + bT, a7
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Table 2
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Summarized result of grid convergence study of furnace, tube passes and total grid. The grid in the furnace and tube passes are compared to respectively 21 control

volumes and 9 control volumes.

Furnace grid

Number of control volumes 6 11
Deviation to the reference grid Heat transferred in the furnace 0.3% 0.08%
Total heat transferred 0.01% 10°%
Chimney temperature 0.1K 0.07K
Tube passes grid
NTURAD PF NTURAD PF
Number of control volumes 3 5
Deviation to the reference grid Heat transferred in the first tube pass 0.4% 4% 0.2% 3%
Heat transferred in the second tube pass 2% 16% 0.8% 14%
Total heat transferred 0.09% 0.7% 0.04% 0.5%
Chimney temperature 1.25K 33K 0.5K 18K
Total grid
NTURAD PF NTURAD PF
Number of control volumes in furnace and tube passes 6-3 11-5
Deviation to the reference grid Total heat transferred 0.09% 0.7% 0.04% 0.5%
Chimney temperature 1.2K 24.7K 0.3K 9.7K

Eq. (17) is solved which results in Eq. (18). The metal temperature
at the next time step T,,(t+At) can now be calculated if the metal
temperature at the previous time step T, (t) is known.

_ a)an_ 9
T, (t + At) = (Tm(t) + b)e b as)

3.3. Water/steam zone model

The water/steam zone’s state is determined by both its mass and
energy content. Only one control volume is used to simulate the water
and steam mixture. As a result, the discrete-state space model is two
dimensional: the total enthalpy and mass of the water.

Eq. (19) expresses the conservation of mass for the water/steam
mixture. Three mass fluxes need to be determined. Firstly, the steam
demand i, is determined by the application. Therefore, it is an external
input to the model. Secondly, the feed water 7, is required to replenish
the water in the boiler. The feed water keeps the water level in the
boiler above a safety level to prevent tube burnout. The feed water
supply system and control logic of the boiler fix the feed water mass
flow rate. In the present study, an on-off control with a constant flow
rate is applied. Thirdly, the boiler is periodically purged (#1,) to de-
crease the concentration of impurities in the water. Since the con-
centration of impurities is not tracked, the purging water flow rate
cannot be calculated by the model. Therefore, it is assumed to be a
known boiler input.

anmy,
dt

= g, — Hitg — 1L, 19

The conservation of energy of the water/steam mixture is expressed
by Eq. (20). The total enthalpy is determined by integrating Eq. (20).
The convective enthalpy flows and heat loss through the shell are in-
tegrated numerically. The total heat transfer from metal to water is
integrated analytically as Eq. (21).

d(myhy, + mghy)

dt mphp - Qluss

= Z Quw + I’I’lfwhﬁ,v — mghg — (20)

t+At . _ a l bAt _ _ a
S D = (104 e - amr B)

The total state of the mixture is given by the total mass and the total
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enthalpy. Several terms on the right hand side of Egs. (19) and (20)
however depend on the thermodynamic state of the mixture. The feed
water flow rate for example is determined based on the water level
which depends on steam quality and temperature. The heat transfer
from metal to water and from the steam/water mixture to the ambient
are dependent on the water temperature as well. The thermodynamic
state should thus be derivable from the total state.

The thermodynamic state of the two-phase mixture depends on the
steam quality and any state variable. Two specific state variables can be
determined. Firstly, the specific volume is calculated as the ratio of the
fixed boiler volume to the mass of water and steam. Secondly, the
specific enthalpy is the ratio of the total enthalpy of the mixture to the
total mass. Both can be solved for the steam quality and the water/
steam temperature.

4. Results
4.1. Effect of turn box position on boiler efficiency

The steady state model is used to estimate the boiler efficiency re-
ferenced to the fuel’s lower heating value for a design with and without
a submerged turn box. The boiler with submerged turn box is the design
provided by Deconinck-Wanson, while the boiler with the non-sub-
merged turn box has the same total length with a slightly elongated
furnace and first tube pass and a smaller shell volume.

Fig. 3 shows the efficiency penalty incurred by using the non-sub-
merged turn box both if the box is insulated with 5 cm of Rockwool and
if it is not insulated. The efficiency decrease is about 8% for a non-
insulated turn box and 1.1% for an insulated turn box at nominal load.

The loss of a non-submerged turn box can be strongly reduced by
adding sufficient insulation. However, the chimney temperature of the
boiler is higher for an insulated non-submerged turn box than for a non-
insulated turn box. Efficiency assessments of boilers based solely on the
chimney temperature without taking convective and radiative losses
into account are therefore not useful to compare boilers.

The efficiency penalty decreases with increasing firing rate. The
heat transfer resistance to the environment is dominated by the con-
duction through the walls and the natural convection at the outside of
the turn box. Therefore, the heat transfer resistance is not significantly
altered by an increased firing rate and cannot cause the decreased
normalized losses. The temperature at the turn box however increase
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Fig. 3. Efficiency penalty for a non-submerged turn box compared to a sub-
merged turn box for both insulated and non-insulated designs.

less than linearly with increased firing rate. Therefore, the normalized
losses decrease with increasing firing rate.

Two major effects result in the efficiency penalty. Firstly, the non-
submerged turn box results in a heat loss to the ambient. This loss is
reduced by insulating the turn box. Since the efficiency penalty is re-
duced over fivefold by insulation, this first effect is dominant. Secondly,
the submerged turn box is an extra heat exchanger in the fire tube
boiler. The remaining loss due to this second effect is only 1.1% at
nominal firing rate.

Taking only the second penalty effect into account, the efficiency
loss of 1.1% should be about the contribution of a submerged turn box
to the total heat transfer. However, when investigating the heat transfer
contribution of heat exchangers in Fig. 4, the contribution of the turn
box is about 6.8% referenced to the combustion heat. There are two
alleviating effects explaining the lower efficiency loss. The first alle-
viating effect is the slightly increased size of the furnace and the first
tube pass. The increased size does have a positive effect on the furnace
heat transfer in Fig. 4, however the effect is insignificant. A second
effect is the changed temperature at the start of the tube pass. In the
case of an insulated, non-submerged turn box, the heat transfer rate is
lower than for a submerged turn box. As a result, the temperature at the
start of the first tube pass is increased which result in the higher tube
pass contribution observed in Fig. 4. The increased heat transfer rate in

60 -

50 A

40

Percentage of the combustion heat [%]

30 —e— Furnace
Turn box
- —&— Tubepass
204 e Tubepass no insulation
10 4
40 50 60 70 80 90 100 110 120 130 140 150

Percentage of the nominal firing rate [%]

Fig. 4. Contribution of furnace (circles), turn box (full line) and tube pass
(triangles) as a function of firing rate. The line style concerns three designs: full
lines — submerged turn box, dash-dot lines — non-submerged insulated turn box,
dotted lines — non-submerged and non-insulated turn box.
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the tube passes diminishes the negative effect of losing a heat ex-
changer. The effect is detrimental for the not insulated turn box. In this
case, the losses to the ambient are higher than the heat transfer to the
water for a submerged turn box. The temperature and heat transfer rate
is therefore lower in the tube passes.

For the three design variants, Fig. 4 shows clear trends in the con-
tribution of each heat exchanger to the heat transfer. The furnace
fraction decreases while the tube pass fraction increases and the turn
box fraction remains quite constant. To understand the trend, the two
major modes of heat transfer: convection and radiation are in-
vestigated. An increase in firing rate has two main effects. Firstly, an
increased firing rate increases the average gas temperature which de-
creases the emissivity of the gas. Secondly with a higher firing rate, the
gas mass flow rate is increased by a larger factor as the stoichiometric
ratio of air to fuel is about 16 for the simulated natural gas. The in-
creased mass flow rate has a positive effect on convective heat transfer.
The increase is especially true for the first tube pass which transitions to
laminar flow at lower firing rate. As a result of both effects, the ratio of
heat transfer to firing rate increases for convection and decreases for
radiation.

To understand the trends in Fig. 4, the contribution of radiation and
convection in each heat exchanger is shown in Fig. 5 for a design with a
submerged turn box. The furnace and first turn box are dominated by
radiation while the tube passes are dominated by convection. As a re-
sult, the furnace fraction decreases with increasing firing rate. The
decreased furnace fraction causes the temperature at the start of the
turn box and the tube passes to increase. Since radiation dominates the
submerged turn box, the turn box contribution remains quite steady.
The tube pass is convection dominated, therefore the tube pass con-
tribution increases with firing rate.

4.2. Estimating peak load capability

The peak load capability of a steam boiler depends on the control
logic and set point of the boiler, the initial state of the boiler and the
peak steam demand as a function of time. Therefore a method to
characterize peak load capabilities must specify these three factors.

The control logic and set point determines the actions of the purging
valve, burner and feedwater pump. The present method assumes prior
knowledge of the steam peak demand. Therefore the burner is turned
on from the start of the simulation to maximize the peak load cap-
ability. Furthermore the purging water flow rate is turned off. The
feedwater control is on-off with a hysteresis between a high and low
water level set point.

The steam demand is simplified to a step function between 0 and the
steam peak which is a multiple of what is achievable in steady state.
The steam peak value is expressed as a factor multiplied with the
nominal steam flow rate. The peak is maintained until the boiler is no
longer capable of delivering the steam at the minimum water pressure
which is determined by the application. In the present case, the starting
pressure is 8.5 bar the minimum pressure is 6 bar, the water level starts
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Fig. 5. Heat transfer along the flow length of the boiler. On the left axis:
fraction of the heat transfer. On the right axis: the cumulative heat transferred
(full line). Vertical dashed lines show the position of the two turn boxes.
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Fig. 6. Peak load capability for a boiler with a submerged and non-submerged
turn box.

at 1.62m with a minimum level of 1.37 m.

Fig. 6 shows the peak load times for both a boiler with a submerged
and a non-submerged, insulated turn box. The black vertical lines in-
dicate the steady state steam flow rate and define an asymptote to in-
finity for the peak load time. With increasing peak demand, the peak
load time decreases to zero as more energy is extracted from the boiler.
The boiler is capable of delivering steam demands in excess of 2,5 times
the nominal steam load for a period of 10 min. This clearly shows the
high potential of fire tube boilers for peak loads.

Unsurprisingly, the non-submerged turn box underperforms com-
pared to the submerged turn box although the difference is limited. This
is the result of both the lower efficiency and the lower shell volume of
the boiler with a non-submerged turn box. To investigate the im-
portance of both effects, a third boiler design with a non-submerged
turn box but equal shell volume is simulated. The third boiler’s peak
load capability is quite similar to the first boiler’s, therefore the
dominant effect is the smaller water/steam volume for a non-sub-
merged turn box design.

4.3. Effect of starting condition on peak load capability

In the previous section, the starting state of the boiler is fixed at a
given pressure and a water level. However during operation, the pres-
sure and water level in a boiler will oscillate between high and low
levels determined by the control logic. Therefore, the starting state of
the boiler can differ significantly between different situations.
Furthermore, if there is prior knowledge available on a peak load, the
starting condition can be controlled by adjusting firing rate and feed
water flow rate. Clearly, firing the boiler will increase its energy con-
tent and therefore the peak load capability. Adding feed water however
does not necessarily increase the peak load, since it can lead to a
pressure drop.

The present section discusses the effect of starting pressure, water
level and feed water flow rate. Figs. 7 and 8 show the result of a full
factorial numerical experiment with ten levels of starting water height,
pressure at a feed water mass flow rate. Both the water and pressure
level are shown as a percentage between extreme operating conditions.
The pressure level is varied between the maximum pressure level set in
the control logic (9 bar) and the minimum pressure level set by the
application (6 bar). These levels are clearly dependent on the boiler and
application, therefore the peak load time plot will vary depending on
the application. However, the trend is similar. The water level is varied
between the minimum level of the boiler 1,37 m and the maximum
level of the boiler 1,67 m. The steam peak is set at 5 times the value
attainable in steady state while the feed water flow rate is set at 130%

1461

Applied Thermal Engineering 149 (2019) 1454-1462

A 0
o L
5 10 oY
[« © .
o = n ©
- - o " o
T 0.8 ] ? o2 :
9] o oS
N 4 o o
S o ° ¢ 0 ° : o ©
0.6 © © e o2
£ e ® ® 6 0 o ©° P
Q o o o o ©
c 4 o o ° o ©
— 0.4 o ® P ° 0. 0
[J] o ® PO o © o ©
S ° ° o o ©
£ 0.2 - o ® o ° o
- ° 0 © o o ©
© ° ° o o ©
o ° o © °
~ 00
©
o]
a

100
80 60

Pressure level [%]

60

0
20 Water level [%]

20

Fig. 7. Peak load time (normalized to 175s) for a steam peak of 5 times the
steady state value as a function of starting pressure (% scale between 6 and
9 bar) and water level height (% scale between 1,37 and 1,67 m). Filled circles
are points with feed water flow, Empty circles do not have feed water flow rate.
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Fig. 8. Peak load time (normalized to 175s) in a contour plot for a steam peak
of 5 times the steady state value as a function of starting pressure (% scale
between 6 and 9 bar) and water level height (% scale between 1,37 and 1,67 m).

of the steam peak.

Several operational zones can be distinguished on the plot. Firstly
for both low and high water level, the pressure is dominant while the
effect of increasing the water level is small. In between both zones,
there is a transition area where the water level is important around 50%
of the total scale. The transition area also marks the transition between
the zone where the feedwater is used (filled circles) and the zone where
it is not used (empty circles).

The boiler can fail because of either insufficient pressure level or
insufficient water level. With a feedwater mass flow rate of 130% of the
steam peak, all failures are due to insufficient pressure level. When the
feedwater flow rate is reduced to 50% of the steam peak, the boiler fails
due to insufficient water level for starting pressure higher than 7.5 bar
and starting water levels below 10% of the total scale. In the case of a
failure due to water level, increasing the feedwater flow rate has a
positive effect on peak time. In the other case, increasing the feedwater
flow rate has a negative effect on peak time with differences up to 65%
for feedwater flow rates varying between 20% and 420% of the steam
peak. The optimal feedwater flow rate in all cases is the lowest at which
the boiler does not fail due to a low water level. The peak time of the
boiler can thus be increased by adapting the feedwater flow rate to the
steam peak as a function of starting pressure and water level.
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5. Conclusion

Fire tube boilers are widely used in process industry. To optimize
boiler design for a specific goal, a rigorous thermal model of a boiler is
required. To the authors’ knowledge, the present paper presents the
most complete model currently available in literature and the only to
include the thermal contribution of turn boxes.

A plug flow model, an effectiveness-NTU model including radiation
and an effectiveness-NTU model without radiation for the tube passes
were compared. Comparing the models showed that the model is not
applicable at lower loads, due to the increasing importance of radiation
at these loads. The NTURAD model including radiation obtained good
results and was less sensitive to reducing the number of control volumes
than the PF model.

Previously published models neglected the heat transfer in the turn
boxes. However, submerged turn boxes contribute about 7% to the total
heat transferred while non-submerged turn boxes can result in an effi-
ciency penalty on the total efficiency as high as 12%. The penalty can
be reduced by sufficient insulation and by elongating furnace and tube
passes. Besides the effect on efficiency, turn boxes also influence the
peak load capacity of the boiler. The peak load capacity is higher for the
submerged turn box due to both an increased shell volume and an in-
creased efficiency.

Finally, the sensitivity of peak load time to boiler initial state and
feed water mass flow rate is investigated. Depending on the initial state,
three zones are identified: zone without feed water flow, zone with feed
water flow and a transition zone between. Adapting the feed water flow
rate to the steam peak and the initial condition’s zone allows increasing
the peak time up to 65%.
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