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This case study demonstrates the implementation of a basic immersion
fire-tube model in Flownex and presents natural draft and forced draft
examples.
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Challenge:

The main challenge is to model an immersion fire-tube in Flownex. Immersion fire-tubes are widely
used in industry, most commonly in indirect heating applications where either gas or oil burners are
used as a heat source.

Benefits:

Flownex allows the user to model combustion, heat transfer and fluid flow processes in an elegant
and easy to understand way.

Solution:

Using Flownex's compound component and scripting capabilities, a simple immersion fire-tube
model has been developed and is presented in this case study. Furthermore, examples of natural
draft and forced draft design cases are presented.

"Flownex has the unique ability to simultaneously model combustion, heat transfer and fluid
mechanics problems. This capability makes Flownex the ideal tool to design and analyze
immersion fire-tube heat transfer processes.”

Hannes van der Walt

Principal Thermal Engineer
Gasco Pty Ltd
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Introduction ‘It would be much more challenging

to design and analyze an entire
Indirect heating processes have been widely used in the oil and immersion  fire-tube-based  heater

gas and several other industries for many decades. Advantages system at the level of detail presented

of indirect heating include: without Flownex as an engineering
design and analysis tool.”

e The relatively low cost of the equipment.

e Separation of the high pressure process fluid from the
heating medium via simple pressure piping.

e Relatively high efficiencies.

e Low maintenance and running cost.

e Reduced heat loss.

e Long operational life.

The heating medium may be water, water-glycol, salt, steam and air for indirect heaters, or any fluid
that needs to be heated directly. Water is possibly the most common medium due to its low cost.

The Immersion Fire-tube

Heating processes may be best explained in terms of a heat balance diagram. Energy is supplied by
combusting a fuel and is referred to as the gross heat input when specified in terms of higher heating
value (HHV) as is typical in natural gas burner applications. The largest loss of heat is likely to be the
hot flue gas that leaves the process via an exhaust stack.
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Figure 1: Sankey heat balance diagram (from Eclipse Engineering Guide).

Smaller amounts of heat may be lost through insulation, radiation and other effects. The difference
between the gross heat input and the sum of all the losses results is the net output (also known as
the heat to load, heat to process or heat duty).

Immersion fire-tubes, as the name suggests, are tubes or pipes fully immersed in a fluid with a burner
firing into one end. The combustion gases flow through the fire-tube and leave at the other end,
normally into an exhaust stack. The immersion tube aims to transfer as much heat as possible to the
fluid within the boundaries of inevitable practical constraints. A typical example is shown in the
following figure.

Figure 2: Typical burner and immersion fire-tube application heating a liquid (from Maxon Series
"67" Tube-O-Flame Bulletin 2200).
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In the example above, it is shown that the immersion fire-tube is a 3-pass unit. However, different
designs are common in industry, each with its own advantages and disadvantages. Some common
immersion fire-tube layouts are shown in the following figure.

The U-tube design is obviously the simplest and is probably
therefore also the most common. The burner-end straight leg U-tube
is called the radiant section since it is subjected to the direct
luminous radiation of the burner flame. The return leg or legs
are not subjected to direct luminous radiation and mainly
receives heat via convection and some gas radiation. This part
of the immersion fire-tube is known as the convection section.
The W-tube design is possibly the second-most
commonplace. Essentially it has a similar radiant section to the
ordinary U-tube design, but it has 3 times the convection
. . . W-tube

section length and area. The Trident tube design does not ~
appear to be popular in industry. Therefore, the Flownex el
immersion fire-tube model presented is limited to U-tube and )2
W-tube designs. ) -
Figure 3: Typical immersion fire-

Immersion Fire-tube Design tube layouts.

Trident tube

The thermal design considerations of an immersion fire-tube include the following:

e Burner design (natural draft or forced draft operation).

e Thermal efficiency.

e Heated medium (most commonly water) temperature.

e Size (length and diameter).

e Burner heat release density (burner duty divided by fire-tube cross sectional area).

e Firetube outer wetted surface heat flux (heat transferred to heated fluid divided by fire-tube
total outer wetted surface area).

e Turn-down operation.

e Firetube flue gas pressure loss (especially important for natural draft designs).

e Flue gas oxygen content (combustion design — dictated by legislation).

e Flue gas temperature (directly related to thermal efficiency).

e Flue gas water vapor and SOy acid gas dew point temperatures (important for corrosion
considerations).

e Materials of construction (cost, corrosion resistance).

e Corrosion allowance (cost, mass).

Mechanical Design

Fire-tube designs typically consist of Schedule 40 or lighter pipe (6 mm wall thickness is the
recommended minimum to allow for some corrosion). The first straight pass (radiant section) length
should be at least 10 pipe diameters, however in practice it is often significantly longer as it depends
on the flame length of the selected burner. As a rule of thumb, the flame length should not be
longer than 80% of the radiant section, however this is rarely, if ever, a problem.

Natural draft applications are typically based on U-tube designs due to the limited amount of natural
draft available. Forced draft applications are normally based on W-tube designs to take advantage
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of the increased efficiency resulting from the longer fire-tube length. Since forced draft designs rely
on a fan to supply the combustion air flow, fire-tube pressure loss is not normally an issue.

Empirical Fire-tube Thermal Efficiency Correlation

Several factors influence fire-tube thermal efficiency, however, it was found that the most significant
factors are fire-tube length and burner duty. Other factors have a much smaller influence. A simple
empirical efficiency correlation based on higher heating value (HHV) was developed by the AGA
Testing Laboratories and published in 1944 in Research Bulletin No. 24 “Research Fundamentals of
Immersion Tube Heating with Gas”:

2
Nuny = 20 1logso (g—';) +71 Equation 1

where nygy is the thermal efficiency of the immersion fire-tube based on HHV [%)].

L. is the effective immersion fire-tube length [ft]. The effective length is the physical
centerline length plus 1.1 ft additional for each return bend. Field tests revealed that return
bends slightly increase the fire-tube thermal efficiency due to the effects of improved heat
transfer.

Q,, is the burner heat release based on HHV [10° BTU/hr].
At first glance the equation seems to suggest a minimum assumed efficiency of 71%, but as will be
shown below, the constant of 71 is simply a unit-dependent constant which could also be written

inside the brackets of Equation 1. The above equation accepts the burner duty @, in 1000 BTU/hr
units, however if the burner duty was supplied in BTU/hr instead, Equation 1 would be written as:

2
Nuny = 20 10gso (g—f’) +131 Equation 2

where Q, is the burner heat release based on HHV [BTU/hr].

Therefore, for engineers in the modern era, this equation could also be written in Sl units as follows:
12 .
Nunv = 20 logqo (—9) + Cy, Equation 3
Qp
where nygy is the thermal efficiency of the immersion fire-tube based on HHV [%]

L. is the immersion fire-tube effective length [m]. The effective length is the physical
centerline length plus 0.335 m additional for each return bend.

Q, is the burner heat release based on HHV [W or kW]

C, is a unit-dependent constant, where
C, = 81 if the burner heat release based on HHV is specified in kW
C, = 141 if the burner heat release based on HHV is specified in W

Figure 4 below was published in the Eclipse Combustion Engineering Guide (1986) Tech Notes Section
3 Sheet L-T Immersion Tube Sizing and was generated from Equation 1.

The correlation given by Equation 1 (or Equation 3) is quite simple, easy to implement in a model
and produces reasonable results, however, it appears to have one limitation. For very long
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immersion fire-tubes, Equation 1 will predict efficiencies larger than 100%. This is the case when the
ratio is:

L2 .
20 logy, (Q—b) > 29 Equation 4

This equation may be simplified to show that efficiencies of 100% and larger will be calculated when:

L, = 5.309,/0, Equation 5
% Effective
Efficiency Length, ft.
80 ~47r where r =
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Figure 4: Fire-tube thermal efficiency as a function of effective fire-tube length and heat transfer
rate.
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Figure 5: The maximum “100% Efficient” immersion fire-tube length as a function of burner duty.

As shown above, very long immersion fire-tubes are required to calculate efficiencies of 100% or
above, and therefore the upper limit is not normally an issue. Furthermore, efficiencies are normally
kept below 85% in an effort to avoid condensation of water and sulfur in the fire-tube, especially in
turn-down operation. Condensation may cause corrosion problems and will be discussed in more
detail below. API 12K recommends minimum stack temperatures of approximately 120 ° C for sulfur-
free fuels and 150°C to 200°C for fuels containing sulfur. The exhaust stack flue gas temperature
should remain comfortably above the SOy acid dew point temperature at all times. A margin of at
least 20°C during the worst operating case is often recommended.

Burner Heat Release Density

Natural draft immersion fire-tubes have relatively large diameters to ensure that the amount of
natural draft created by the exhaust stack is sufficient to drive the flow of atmospheric air into, and
flue gases through the fire-tube and stack. The recommended fire-tube diameter is typically
expressed in terms of a heat flux - known as the burner heat release density

dp = Qp/A. Fquation 6

where g, is the burner heat release density [W/m? or kW/m?]

A, is the fire-tube internal cross sectional area at the burner-end [m?]

This serves as a rule of thumb to ensure burners function properly under the conditions of limited
available natural draft.
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e APl 12K recommends a maximum burner heat release density of 15000 BTU/hr.in’

(6814 kW/m?) for natural draft burners.
e For forced draft burners, much higher burner heat release densities are achieved. For

example, the following table is from Eclipse’s ImmersoJet Design Guide 330:

Select burner model
Choose a burner model with a maximum capacity greater than the

Figure 3.1 Capacity Guide gross burner input calculated previously. Refer to Figure 3.1.
Low-Pressure High-Pressure Il-ill:':lltﬂd Capalcrlotﬁ

Tube Size (Packaged Blower | Packaged Blower | Remote Blower Phosphate Phosphate
Model | in. | mm Btwhr.| kW Btuwhr. | kW Btu/hr. kWY Btwhr. | kW | Btwhr. |kW

Mip2 | 2 50 [ 190,000 55 235,000 69 370,000 | 108 110,000 | 32 | 220,000 | 64
| 80 | 440.000 129 550,000 &1 850,000 | 249 | 250,000 ( 73 | 500,000 | 146
470w2 (4 | 100 | 830.000 243 [ 1.000,000 | 293 1,800,000 | 537 | 440,000 |129 | 880,000 (258
67 Iw2 [ 6 | 1530 [2.000000| 586 (2500000 | 732 3,600,000 [ 1054 | 1,000,000(293 | 2,000,000| 586
8 8 | 200 nfa nfa nfa nia 8.000,000 | 2344 |l.800,000 |537|3.600,000 1055

"Iyl

Eclipse ImmearsoJat v2_20 Design Guide 330, 10/02

Figure 6: Eclipse ImmersoJet Burner Capacity Guide.

Using the DN250 (8") nominal pipe diameter listed and the 2344 kW burner duty achievable
for the Remote Blower option, a burner heat release density of 72600 kW/m? is calculated.

e Eclipse Engineering Guide, Tech Notes Section 3 Sheet L-1 provides the following table
relating to maximum burner heat release density values for natural and forced draft

applications:

Table 1: Maximum Burner Heat Release Densities (Eclipse Engineering Guide, Tech Notes
Section 3 Sheet L-1).

Max Burner Heat | Max Burner Heat
Burner System Type Release Density | Release Density
[BTU/hr.in?] [kW/m?]
Atmospheric, natural draft, 7' (2.1 m) high stack 7000 - 8000 3180 - 3634
Atmospheric with eductor, 0.2" w.c. (50 Pa) draft 15000 - 18000 6814 - 8177
Atmospheric with eductor, 0.4" w.c. (100 Pa) draft 21000 - 25000 9540 - 11360
Packaged forced draft, low pressure fan 15000 - 35000 6814 - 15900
Sealed nozzle-mix, high pressure blower 30000 - 85000 13628 - 38612
Small bore nozzle-mix 80000 - 180000 36340 - 81767

Fire-tube Heat Flux
Another important parameter is the fire-tube heat flux :

dre = Qp/As Equation 7
where gz, is the fire-tube heat flux over its outside wetted surface area [kW/m?]

Qp is the heat transfer to the process fluid [kW]
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Ag is the fire-tube outside wetted surface area [m?]

This parameter is considered important to prevent unwanted boiling of- and/or thermal damage to
the heated fluid in direct contact with the fire-tube outside surface. As a result, fire-tube heat flux
recommended limits depend on the application. The following guidelines are found in the open
literature:

e APl 12K recommends a fire-tube heat flux upper limit of 12000 BTU/hr.ft* (37.8 kW/m?) for
water-glycol heating applications. This limit does not apply for pure water heating
applications.

e The GPSA Engineering Data Book presents the following recommended average fire-tube
heat flux ranges for different applications:

Table 2: GPSA Engineering Data Book Recommended Average Fire-tube Heat Flux.

Heating Application Fire-tube Heat Flux Hefatin.g Fire-tube Heat Flux
kW/m? Application kW/m?
Water 32-41 Molten Salt 47-57
50% Ethylene Glycol 25-32 TEG Reboiler 19-25
Low Pressure Steam 47-57 Amine Reboiler 21-32
Hot Ol 19-25

e The above figures are likely to be quite conservative. For example, pure water heaters are
known to have successfully operated at average fire-tube heat fluxes as high as 66 kW/m?.

Fire-tube First Turn-Around Temperature

The flue gas temperature at the end of the fire-tube radiant section, i.e. at the first turn-around
U-bend depends on numerous factors, most of which are beyond the scope of this discussion. The
Petroleum Technology Alliance Canada (PTAC) produced an excellent report in August 2005 titled
"Improved Immersion Fire-Tube Heater Efficiency Project” in which immersion fire-tube performance
was analyzed in depth. Several burners were bench-tested in detail albeit these were relatively small
units. Nevertheless, that study showed that the flue gas temperature at the first turn-around typically
varied between 400°C and 800° C depending on the burner duty. For the burners tested, the higher
temperatures occurred during maximum burner duty whereas the lower temperatures were
achieved during 4:1 turn-down operation. Since burners are often selected to have 15% to 20%
excess capacity, a good estimate of the first turn-around temperature at 100% fire-tube duty (80%
burner capacity) would be 700°C.

For forced draft units, the mechanisms for heat transfer may be influenced by the significantly higher
flue gas velocities. Two main influences may be identified:

1. Convection heat transfer will be higher due to the increased velocities.

2. Radiation heat transfer may also be influenced. Firstly; forced draft systems will likely have
different flame shapes (flame length and diameter) which will impact on the direct luminous
flame radiation. Secondly; non-luminous gas radiation forms a significant portion of the
overall heat transfer. This component relies on high temperature water and carbon dioxide
particles radiating to the fire-tube inner surface. With increasing flue gas velocities (typical
of forced draft systems), the gas particle residence time, and hence the non-luminous gas
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radiation in the radiant fire-tube section, may be reduced, however no information on this
topic could be found in the open literature.

Rather than merely guessing the first turn-around temperature, the model presented implements a
simple approach for both natural draft and forced draft. The same AGA correlation is applied to the
radiant section only and an efficiency is calculated. From this efficiency the radiant section heat
transfer rate may be calculated.

Thermal Efficiency Calculation

For natural draft immersion fire-tube heating applications, it is recommended that Equation 1 or
Equation 3 be used unaltered. Note, however, that the effective fire-tube length is longer than the
physical fire-tube length as explained in the section below Equation 1.

Forced draft immersion fire-tubes are often significantly smaller in diameter than natural draft fire-
tubes of similar capacity as the flow through the fire-tube and stack does not rely on natural draft.
Therefore, burner heat release density values and fire-tube velocities are typically much higher which
may also result in improved thermal efficiencies. Some manufacturers of high velocity burners such
as Eclipse’s Immersolet (1)) report tested immersion fire-tube efficiencies that are higher than those
predicted by Equation 1. This may be due to the increased convection heat transfer resulting from
significantly higher flue gas velocities in the fire-tube than what was tested by AGA when Equation
1 was developed.

Forced draft burners are available as packaged units with the burner and combustion air fan
packaged as a single unit, as well as units requiring external fans as shown in the following figure:

Figure 7: Forced draft burners: Maxon packaged burner (left), and Eclipse burner requiring an
external combustion air fan (right).

Figure 8 below was published in the Eclipse Combustion Design Guide No 330, 10/02 (1997) for
ImmersoJet Version 2.2 Series Immersion Burners. A comparison with Figure 4 (which is based on
Equation 1) shows that the Eclipse Immersolet series burners offer efficiencies that are approximately
5% higher — compare the red circle and triangle markers in Figure 4, Figure 8, Figure 9 and Figure
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10. As shown in Figure 9, the Eclipse ImmersoJet-fitted fire-tube produces efficiencies of up to 5%
higher than those predicted by the AGA correlation.

Figure 10 shows the published performance of the Maxon Series "67" burner. Comparison of the
triangles between Figure 10 and Figure 4 shows that the Maxon Series 67" curves are simply based
on the standard AGA correlation given in Equation 1. Note that this graph is plotted relative to the
burner heat release and not in terms of the heat transfer to the heated medium, hence comparison
with Figure 4 and Figure 8 will require the burner heat release values in Figure 10 to be multiplied
by the efficiency (75%). This graph also provides values for the maximum burner heat release density
indirectly by specifying required fire-tube diameters at a range of burner duties. It can be shown
that for this particular packaged burner, Maxon recommends a maximum burner heat release density
between approximately 12000 and 16500 kW/m?. Similarly, for Eclipse TFB series burners (Eclipse
Tube Firing Burners Design Guide 310), maximum burner heat release densities between 10700 and
14000 kW/m? are recommended. Eclipse states that exceeding these maximum burner heat release
density values may result in burner pulsation or other operational problems.
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Figure 8: Eclipse ImmersolJet-fitted fire-tube efficiencies.
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Figure 9: Eclipse ImmersolJet-fitted fire-tube efficiencies vs. the AGA correlation (Equation 1).
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Figure 10: Maxon Series "67" TUBE-O-FLAME gas burner performance (from Maxon Bulletin 2200).

In this case study, the AGA correlation is therefore adapted slightly to accommodate specific burner
manufacturer efficiency increases for forced draft burners:

2
Nuny = 20 10gso (2_2) + Gy + Crq Equation 8

where
C, is the unit-dependent constant introduced in Equation 3

Crq is the forced draft efficiency adder, typically 3% to 5%
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Flownex Immersion Fire-tube Model

A basic immersion fire-tube model has been implemented in Flownex as a compound component
which may be added to the library for reuse in future projects. This case study presents a simple
Flownex network which utilizes the fire-tube compound component together with previously
developed gas composition and property utility scripts, a burner compound component and a
simple natural draft stack compound component. The implementation is shown in Figure 11 below.

Fuel Gas!

Analysis | . Stack Resulls
B o . Stack Inlet Pressure (Tmta-l) 98,951 kPa
ot o Stack Inlet Pressure (Static) 98 932kPs
FuelGas " Stack Exit Pressure 95 880kPa
i Supply Fuel Gas Stack Draft 28581Pa
Mass flow  43.1kg/h Stack Loss 34.194Pa
Stack Velacity 7718 mfs
‘ Flue Temperature 2622°C
Airand Fuel Flow ' l “
FuelGas FlowRate  43.1kg/h ‘ H T Flue Gas ‘
e B i v
ExcessAir% (Wet)  200% w->9 M Analysis ‘ ‘
Atmospheric Conditions c jon M | AirFlow [ “
Site Elevation 2000m Air Supply —— —
Atmaspheric Temperature 3s0°C DR 350 Schedule: 20 DN: 250 Schedule: 20 Stack
Relative Humidity 60.0% Velocity 2416 mfs Immersion Firetube ~ Velocty ~ 7.715mjs
Massflow  870.9kg/h
Basic Firetube Input Data Basic Firetube Resulis Basic Firetube Resulis Flue Gas Analysis (Mol %)
[Process Perfomance Geomeiry N2 - Nitrogen 70.160%
Draft Option Natural Draft Thermal Efficiency (HHV) 80.0930 % Radiant Section Minimum Inside Diameter ~ 341.8mm 02-Oxygen 2.979%
|Bumer Thermal Efficiency (LHV) 883% Radiant Section Inside Diameter 3398 mm CO-Carbon Monoxide ~ 0.070%
Required Fuel PressureDrop 5000 kPa Bumner Heat Release (HHV) 6254 kW Radiant Section Outside Diameter 3BE6mm CO2-Carbon Dioxide ~ 8.270%
Required Air Pressure Drop 5000 Pa Radiant Section Hest to Pracess 424.0KW Radiant Section Outside Area 131m 502 - Sulphur Diaxide  0.068%
Radiant Section Convection Section Heat to Process ~ 76.8 kW Convection Section Outside Diameter 273.0mm Ar-Argon (and others)  0.833%
Size DN: 350 Schedule: 20 Total Heat to Process 500.9 kW Convection Section Outside Area 10.0m* Hz2 - Hydrogen 0.002%
Length 11.700m Heat Flax Total Oulside Area 21w H20 - Water 17.592 %
Firstube Entry K-Factor 0500 Burner Heat Release Density 6897 6 KWjm? Loss Coefficients Total Mol % 100.000%
Convection Section Radiant Section Suface Heat Flux 32,4 kWjm* Reducer K-Factor 0034 MolarMass 27 813 kg/kmol
Size DN: 250 Schedule: 20 Total Surface Heat Flux 21.7kWm? Retum Bend K-Factor 0317 Weater Dew Point Temperature 575°C
Length 11.700m Flue Gas Number of Retum Bends 1 SOx Acid Dew Point Temperature ~ 150.8°C
Reducer. Reiurn Bend & Passes Mass Flow 914.0kgh
ReducerLength 381.000mm Adiabatic Flame Temperature 1737.6°C Draft Balance Check
Retum Bend Option Short Radius First Return Bend Temperature 5140°C Atmospheric Pressure 98,945 kPa
Number of Firetube Passes 2 Exhaust Stack Temperature 2622°C Total Pressure at Airlnlet  98.991 kPa
R scionocaty 70 (T
Basic Stack Input Data Convection Section Max Velacity 11.347mjs pressure at the air inlet is higher than the
Database DN: 250 Schedule: 20 Total Pressure Drop 34.2Pa [ptmospheric pressure, the stack is too short
Stack Height 6000m |

Figure 11: A basic immersion fire-tube model implemented in Flownex.

Combustion fuel may be specified in mol% directly in the Fuel Gas Supply script whilst ambient air
conditions are specified in the Combustion Air Supply script. Not only does the basic immersion fire-
tube model implement Equation 8, it also implements a basic burner model to perform the
combustion process associated with a fire-tube. As shown above, the flue gas is then ducted to a
stack which adds a natural draft component to the flue outlet. Finally, the fire-tube performance is
shown in terms of thermal efficiencies, heat transfer rates, heat fluxes, flue gas flow rates, velocities,
pressure losses and temperatures. Other metrics such as calculated surface areas and the
recommended minimum fire-tube diameter (at the burner end), a draft balance check as well as a
flue gas analysis are also presented.

The above example represents a natural draft design and that option is selected in the Basic Fire-
tube Input Data section. As discussed before, natural draft designs typically have much lower fire-
tube velocities than forced draft designs due to the limited available draft which is supplied only by
the stack. For natural draft applications, the stack height is adjusted until the Draft Balance Check
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balances. In the example above the Draft Balance Check shows that the required total pressure at
the air inlet is still higher than the actual atmospheric air pressure, and hence the 6 m-high stack is
still incapable of supplying sufficient draft. This will be discussed in detail later.

Figure 12 shows the model inside the compound immersion fire-tube component. Combustion air
flows from the left into the burner (itself being a compound component) whilst fuel gas flows to the
burner from the top. The burner model will combust the mixture and deliver high temperature flue
gas to the radiant fire-tube (or radiant section). Between the radiant section and the convection
section there is the option to add a reducer for cases where the radiant section is of a larger diameter
than the convection section. Furthermore, depending on the fire-tube geometry — U or W — there
will be one or three 180 degree return bends.

In the interest of accuracy, the fire-tube radiant and convection sections are subdivided into 10
segments each. As the flue gas moves through the fire-tube, its properties are allowed to vary along
each segment resulting in changes in temperature, density, viscosity and velocity.

Several scripts are employed to calculate heat transfer and pressure loss coefficients. The Fire-tube
Efficiency Script at the top-right implements Equation 8 and also calculates the heat transfer rates
apportioned to each fire-tube section. These heat transfer values are then assigned to each fire-
tube pipe component using data transfer links which will then remove the relevant amount of heat
from the flue gas flowing through it. The same script also calculates areas, diameters and heat fluxes.
The left-most two scripts are used to obtain fuel gas heating values from the incoming fuel gas and
provide that information to the Fire-tube Efficiency Script. The other scripts are used to calculate
pressure loss coefficients used in the fire-tube flue gas pressure loss estimation.
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Figure 12: Immersion fire-tube compound component internal elements.
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Figure 13 and Figure 14 below shows the immersion fire-tube compound component’s input and
results property pages. Note that burner heat release density and fire-tube heat flux warning
messages are given in the warnings area. APl 12K and GPSA recommended fire-tube heat flux values
are also listed for convenience.

Basic FireTube - 96 (Basic FireTube) Properties - 1 X Basic FireTube - 96 (Basic FireTube) Properties > 1 X
]2 EIE]
= i General; = General
Identifier Basic FireTube - 96 Identifier Basic FireTube - 96
Solving = Performance
Description Thermal Efficiency (HHV) 80.099 Yo | W
 Geometry Thermal Effidency (LHV) 88,2808 B | we
Bl Radiant Sechion Radiant Section Heat to Process 312.727 KW | v
Geometry option Specify schedule T Convection Section Heat to Process 183,183 kW |
Database DN: 250 Schedule: 20 | Total Heat to Process 500,91 KW | v
= Combustion
Length 4.2 m | w ) .
) Fuel Higher Heating vValue (Mass) 52,9799 Mlkg |w
Firetube Entry K-Factor 0.5 -
T — Fuel Lower Heating Value (Mass) 43,0698 Mlfkg | w
- . Burner Heat Release (HHV) 625,383 KW |
Geometry option Spedfy schedule a2 Burner Adiabatic Flame Temperature 1737.57 v
Database DN: 200 Schedule: 20 L. Burner Calculated Fuel Pressure Drop 5 kPa
Length 12.6 Ml Burner Calculated Air Pressure Drop 0.005 kPa | w
=l Reducers & Return Bends = Heat Flux
Reducer Length 173 Y Is Natural Draft No
Return Bend Option Short Radius b Burner Heat Release Density 117515 kW/m? | s
=l General Radiant Section Surface Heat Flux 86,8165 kW/m2
Number of Firetube Passes 4 Total Surface Heat Flux 40,8073 kW/m? | w
= Process = Flue Gas
Draft Option Forced Draft v Mass Flow 914.042  ka/h |w
Thermal Efficiency Adder (Forced Draft) 5 Yo | w Adiabatic Flame Temperature 1737.57 T w
Maximum Burner Heat Release Density | 15000 kW fm2 | & First Return Bend Temperature 856.775 T
Maximum Ave. Firetube Heat Flux 57 kWfm? | w Exhaust Stack Temperature 262,106 T v
= Burner Radiant Section Max Velodty 28,9406 mfs | w
Required Fuel Pressure Drop 5 kPa v Convection Section Max Velodty 25.8877 mfs | w
Required Air Pressure Drop 5 Pa |w Total Pressure Drop 1532.863 Pa | w
Radiant Section Minimum Inside Diameter = 230.356 MM |
Radiant Section Outside Diameter 273 MM |
Radiant Section Outside Area 3.60215 m2 |
Convection Section Outside Diameter 219.1 MM |
Convection Section Cutside Area 3.67287 m2 |
Total Outside Area 12,275 m2 |
= Loss Coefficients
Return Bend K-Factor 0.324344
Reducer K-Factor 0.0444515
Number of Return Bends 3
Figure 13: Immersion fire-tube component inputs | Figure 14: Immersion fire-tube component
proper‘ty page. results property page.
Error Leg
_’] Clear Expand Collapse Configure warnings
Source Description

(= Basic FireTube - 36 (Firetube Script - 33)

2. Burner heat release density is larger than the maximum all;

+

ble by the burner m
3. Firstube heat flux is higher than value specified in the inputs. Refer to APl 12K and GPSA for recommended values as listed below:

(walue set in inputs). Check the specified maximum or increase the firetube radiant section diameter.

i 3a. Hot ail: 19-25 kwlim2
ALY 3b. TEG reboiler. 19-25 klnim2
J 3c. Amine reboiler: 21-32 Kwim2
m I 3d. 50% Ethylene Glycol:  25-32 kWim2
H () niater: - Wi
i ::.Lo‘?pressure steam: ig'- glf :\“j:'m;
[O) /0 3g. Mglten salt 47-57 kwim2
o : . :
o Figure 15: Immersion fire-tube compound component internal elements.
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Case Study

As an example, two equivalent immersion fire-tubes are sized, the first one is designed as a natural
draft system whilst the second is a forced draft system. Both will aim to achieve the same duty and
efficiency. The process requirements are set out as follows:

e Single fire-tube application serving as a molten salt heater.
e Process duty is to be 500 kW.

e Target thermal efficiency is 80% (HHV).

e Maximum practical self-supporting stack height is 6 m.

e Site elevation is 200 m.

e Design atmospheric temperature is 35°C.

e Design atmospheric relative humidity is 60%.

Natural Draft Immersion Fire-tube Design

Natural draft designs normally use a U-shaped fire-tube due to the limited available natural draft
produced by the exhaust stack. From Table 2, the recommended average fire-tube surface heat flux
upper limit is 47 - 57 kW/m* for a molten salt heater application. Following the API 12K
recommendation of a maximum burner heat release density of 6814 kW/m? as discussed on page 8,
the first resulting design is shown in Figure 11 above. There are several problems with this design:

e Using the maximum practical stack height of 6 m, there is a large draft deficit as shown in
the Draft Balance Check.

e The main cause of this problem is the relatively high fire-tube velocities of 17 m/s and
1.3 m/s.

e The burner heat release density is at the upper limit.

e The fire-tube, and hence the heater, will be quite long — approximately 12 m — which may
become impractical.

The solution is to utilize a larger fire-tube diameter. The redesigned immersion fire-tube design is
shown in Figure 16 below. It can be seen that much larger fire-tube diameters are required (DN450
and DN350) to achieve low enough flue gas velocities to reduce the flue gas pressure losses to
within the draft capabilities of the exhaust stack. Typical natural draft fire-tube velocities should be
approximately 10 m/s or less. The required exhaust stack height has been calculated as 5.4 m which
is still quite tall, moreover additional allowances for flame arrestors and possibly an exhaust stack
spark arrestor should still be made, hence the exhaust stack length could still be up to 6 m.
Furthermore, the burner heat release density and fire-tube surface heat flux values are now
comfortably low for the molten salt application.
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Fuel Gasf
Analysis | N Stack Results
i . Stack Inlet Prmsureﬂma}) 98.930 kPa
4 Stack Inlet Pressure (Static) ~ 98.924 kPa
| M Stack Exit Pressure 98.887 kPa
! Fuel Gas Stack Draft 25.724Pa
Mass flow  43.1kg/h Stack Loss 10.544Pa
Stack Velocity 4530m/s
‘ Flue Temperature 2622°C
Airand Fuel Flow i l "‘-“
Fuel Gas FlowRate  43.1kg/h | T Flue Gas ‘
Excess Air% (Wet)  20.0% - "‘">§) M Analysis ‘
Aimospheric Condifions C i M | AirFlow / “
Site Elevation 200.0m AirSupply —— —
Atmospheric Temperature 350°C DI 450 Schedie: 20 DN: 350 Schedule: 20 Stack
Relative Humidity 600% Velecity 143 ms Immersion Firetube Velocity 4529mjs
Massflow  870.9kg/h
Basic Firetube Input Data BasicFiretube Results Basic Firetube Results Flue Gas Analysis (Mol %)
|\Process Perfomance Geometry N2-Nitrogen 70.160 %
Draft Option Natural Draft Thermal Efficieney (HHV) 80.0930 % Radiant Section Minimum Inside Diameter ~ 341.8mm 02-Oxygen 2979%
\Bumer Thermal Efficiency (LHV) 863% Radiant Section Inside Diameter 441.2mm CO-Carbon Monoxide ~ 0.070°%
Required Fuel Pressure Diop 5000 kPa Bumer Heat Release (HHV) 625.4 kW Radiant Section Outside Diameter 457.0mm CO2-Carbon Dioxide ~ 8.270%
Required Air Pressure Drop 5000 Pa Radiant Section Heat to Process 424.0kW Radiant Section Outside Area 16.8m* S02-Sulphur Dioxide ~ 0.068%
Radiant Section Convection Section Heatto Process ~ 76.8 kW Convection Section Outside Diameter 355.6mm Ar-Argon (andothers)  0.833%
Size DN: 450 Schedule: 20 Total Heat to Process 500.9 kKW Convection Section Outside Arsa 131me H2 - Hydrogen 0.002%
Length 11.700m Heat Flix Total Outside Area 29.9me H20 - Water 17592%
Firetube Entry K-Factor 0500 Bumer Heat Release Density 4091.1 kWim? Lass Coefficients Total Mol % 100.000 %
Canvection Section Radiant Section Surface Heat Flux ~ 25.2 kWjm* Reducer K-Factor 0.032 Molar Mass 27.813 kg/kmol
Size DN: 350 Schedule: 20 Total Surface Heat Flux 16.8kWjm? Return Bend K-Factor 0319 Water Dew Point Temperature 575°C
Length 11.700m Flue Gas Number of Retum Bends 1 30x Acid Dew Point Temperature  150.8 °C
Reducer. Return Bend & Passes Mass Flow 914.0kglh
Reducer Length 508.000 mm Adisbatic Flame Temperature 17376°C DraftBalance Check
Return Bend Option Short Radius First Return Bend Temperature 514.0°C Atmospheric Pressure 96.945 kPa
Number of Firetube Passes 2 Exhaust Stack Temperature 2622°C Total Pressure at AirInlet  98.945 kPa
Radiant Section Max Velocity 10,093 m/s ;\g;stg ‘C;S:Ziﬁ#iﬁ%;i;‘l cﬁi teuntz\‘lgh
Basic Stack Input Data Convection Section Max Velocity 6.662m/s pressure at the air inlet is higher than the
Foom— Totel Pressure Drop 93Pa atmospheric pressure. the stack is too short

5400m

DN 350 Schedule: 20
Stack Height

Figure 16: Final natural draft immersion fire-tube design.

The immersion fire-tube is still quite long and the size (DN450) is large in comparison to other
500 kW heater applications. This may be an indication that a natural draft design may not be the
most elegant design solution for this particular application. The next section repeats the design
process using a forced draft design instead.

Forced Draft Immersion Fire-tube Design

Forced draft fire-tubes often employ W-shaped designs as the combustion air fan is sized to produce
enough pressure to overcome the additional pressure losses. For the equivalent forced draft fire-
tube design, the same average fire-tube surface heat flux upper limit of 47 - 57 kW/m? applies,
however much higher burner heat release densities can be used. Assuming a packaged forced draft
low pressure fan burner will be used as shown in Table 1, an upper limit for the burner heat release
density is taken as 15900 kW/m?.

As shown in Figure 17 below, for a forced draft design much smaller fire-tube diameters are required
—in fact they are almost half the nominal diameters of the natural draft design. The results show that
a W-shaped design is used with a 4.2 m radiant section, resulting in a heater of approximately a
third of the length of the natural draft equivalent. Also shown is the smaller diameter of the
convection fire-tube section in an attempt to keep the flue velocities approximately constant. These
velocities are based on the first turn-around temperature estimated for the fire-tube. Since the fire-
tube radiant section is fairly short, a comparatively high first turn-around temperature of 857°C is
estimated, resulting in high turn-around velocities.
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Fuel Gasf
Analysis | N Stack Results
L . N Stack Inlet Pressure (Total) ~ 99.008kPa
. e Stack Inlet Pressure (Static) 98.962kPa
i FuelGas M Stack Exit Pressure 98.913kPa
! Supply Fuel Gas Stack Draft 14.281Pa
Mass flow 43.1kg/h Stack Loss 77.082Pa
i Stack Velocity 12.269 mfs
‘ Flue Temperature 262.1°C
Airand Fuel Flow oy
Fuel Gas FlowRate  43.1kg/h | _ Flue Gas
ExcessAiaWe)  200% | % w-:.é) hd Analysis ‘ ‘
Atmospheric Condifions C M | AirFlow / |
Site Elevation 200.0m AirSupply " —
Atmespheric Temperature 350°C DN 150 Schedule 10 DN: 200 Schedule: 20 Stack
Relative Humidity 60.0% Velecity 10679m/s Immersion Firetube Velocity 12.263 mfs
Massflow  870.9kg/h
Basic Firetube Input Dala Basic Firetube Results Basic Firelube Results Flue Gas Analysis (Mol %)
|\Process Performance Geometry N2 - Nitrogen 70.160 %
Draft Option Forced Draft Thermal Efficieney (HHV) 50.0990 % Radiant Section Minimum Inside Dismeter ~ 230.4 mm 02-0Oxygen 2979%
\Burmer Thermal Efficieney (LHV) 88.3% Radiant Section Inside Diameter 260.3mm CO-Carbon Monoxide ~ 0.070%
Required Fuel Pressure Drop 5,000 kPa Bumer Heat Release (HHV) 625.4 kKW Radiant Section Outside Diameter 273.0mm CO2-Carbon Dioxide ~ 8.271%
Required AirPressure Drop 5000 Pa Radiant Section Heat to Process F12.7 kW Radiant Section Outside Area 36m* 502 -SulphurDioxide  0.068%
Radiant Section Convection Section Heat to Process  188.2 kW Convection Section Outside Diameter 219.1Tmm Ar-Argon (and others)  0.833%
Size DN: 250 Schedule: 20 Total Heat to Process 500.9 kW Convection Section Outside Area 87m* H2 - Hydrogen 0.002%
Length 4200m Heot Floe Total Outside Area 123me H20 - Water 17.592%
Firetube Entry K-Factor 0500 Bumer Heat Release Density 117515 kWjm® Lass Coefficients Total Mol % 100.000 %
Canvection Section Radiant Section Surface Heat Flux 868 kWjm* Reducer K-Factor 0.044 Molar Mass 27.813 kgfkmal
Size DN: 200 Schedule: 20 Total Surface Heat Flux 40.8 kW/m* Return Bend K-Factor 0324 Water Dew Point Temperature 57.5°C
Length 12.600m Fiue Gas Number of Retur Bends 3 50x Acid Dew Point Temperature  150.8°C
Reducer. Return Bend & Passes Mass Flow 914.0kglh
Reducer Length 178.000 mm Adiabatic Flame Temperature 1737.6°C DraftBalance Check
Return Bend Option Short Radius First Return Bend Temperature 856.8°C Atmospheric Pressure 96.945 kPa
Number of Firetube Passes 4 Exhaust Stack Temperature 262.1°C Total Pressureat AirInlet ~ 99.174kPa
Radiant Section Max Velacity 28.941m/s d‘\;};s‘glgg Sﬁiiﬁ h‘een‘gt:siﬂ ‘ffé?':z ‘Euﬂg‘lgh
Basic Stack Input Data Convection Section Max Velocity 25.888m/s pressure at the air inlet is higher than the
Database DN: 200 Schedule: 20 Total Pressure Drop 152.9Pa atmospheric pressure. the stack is toa short
Stack Height 3.000m ‘

Figure 17: Final forced draft immersion fire-tube design.

Using a more acceptable 3 m stack height, the Draft Balance Check shows a draft deficit of 229 Pa
whilst the required combustion air flow rate is 870.9 kg/hr. This information may now be used to
select an appropriate combustion air fan. Additional allowances for fan ducting should be made and
this Flownex model could easily be extended to include these.

It is interesting to compare the two designs in terms of size and performance as shown in the
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following table:

Table 3: Natural vs. Forced Draft Immersion Fire-tube Design Comparison.

Natural Draft Heater

Forced Draft Heater

Heat transfer to process

500 kW

500 kW

Thermal efficiency (HHV)

80%

80%

Radiant section size

DN450

DN250

Convection section size

DN350

DN200

Approximate heater length

2 m

45m

Burner heat release density

4091 kW/m?

11752 kW/m?

Fire-tube surface heat flux

16.8 kW/m?

40.8 kW/m?

Maximum fire-tube velocity

10.1m/s

289 m/s

Fire-tube flue gas pressure drop

9.3 Pa

1529 Pa

Stack height

54m

3m

Even though an average fire-tube surface heat flux of up to 57 kW/m? is allowable for the molten
salt application, the natural draft design only achieves a fraction of this flux due to draft limitations.
This directly contributes to the large size difference between the two designs.
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Turn-Down Operation

One of the major design considerations with immersion fire-tubes is the influence of a possible turn-
down operation case on the performance of the fire-tube. As shown by Equation 8, a reduction in
the burner duty for a specific immersion fire-tube length will result in an increase in the immersion
fire-tube thermal efficiency and consequently a lower exhaust stack flue gas temperature. For the
example given in Figure 17 above, the duty has been progressively reduced by reducing the fuel
flow rate. The results are shown in Figure 18.

Effect of Turn-Down

300 90
8 250 2 875
£ &
3 —
o z
o 200 85 =
£ z
- 3
3 2
O 150 825 i
g =
: :
3 £
& 100 == Temperature 80
=@=—Efficiency (HHV)
50 - S | | | | | | 77.5

150 200 250 300 350 400 450 500 550
Process Duty [kW]

Figure 18: The effect of turn-down of thermal efficiency and exhaust stack temperature.

These results need to be considered in terms of:

e The water dew point temperature; and
e SOy acid dew point temperature.

As shown in Figure 17, the water and SOy dew point temperatures are 57.5°C and 150.8°C
respectively. The high SO, dew point temperature is due to the 1.1% (mol%) H>S present in the fuel
gas used for this example.

With efficiencies of up to approximately 87.5% (HHV) for this example, the exhaust stack temperature
is above 100°C which is still significantly above the water dew point temperature, so the water dew
point is then not a problem. However, the SOy acid dew point temperature mostly depends on the
sulfur content of the fuel gas and is typically between 120°C and 150°C. A typical relationship
between H.S content in fuel gas and the SO, (SO3 and H.SO4) dew point temperatures are presented
in Figure 19 below. Therefore as stated earlier, when sulphur is present in the fuel gas, stack
temperatures should at least be 150 - 200°C minimum, and this must be considered at the
maximum turn-down (minimum duty) case.
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Flue Gas SO; / H,SO, Dew Point Temperature
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Figure 19: The effect of fuel gas sulfur content on flue gas SOx dew point temperature.

For the above example the acid dew point temperature is 150.8°C, hence a minimum exhaust stack
temperature of 200°C should be targeted which will occur at a duty of approximately 375 kW as
shown in Figure 18. Therefore, for this specific high sulfur containing fuel gas, this design can virtually
not accommodate any turn-down at all.

There are a few potential solutions if turn-down is required:

e Use sulfur-free or low sulfur fuel. According to the API 12K recommendation discussed
earlier, the stack temperature can then be allowed to drop to approximately 120°C.

e Reduce the immersion fire-tube thermal efficiency by reducing its length. This will cause a
higher stack temperature during normal operation which may be considered undesirable,
but it will also result in higher stack temperatures during turn-down, enabling the heater to
turn down further.

e Employ an on-off burner control strategy instead of a modulated burner control system.
This approach is possibly the simplest and most sensible and is discussed in more detail
below.

Burner control systems typically operate in two modes: modulating and on-off. For modulating
burners the flow rate of fuel gas to the burner is modulated by an upstream flow control valve
depending on the required heat load. On-off burners are simpler and rely on the thermal inertia of
the heated fluid. The burner simply operates between maximum duty (fully on) and no duty (off)
where the burner is off and only the pilot burner remains on. Since on-off burner systems do not
modulate the burner duty, the exhaust flue gas temperature will be at the maximum value when the
burner is on and hence the stack temperature remains high. Therefore, in cases where the turn-
down duty causes the exhaust flue gas temperature to fall below dew point values, an on-off burner
system may offer a simple solution.
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Summary

A simple immersion fire-tube model has been developed and implemented in Flownex as a
compound component. In this case study, a natural draft and a forced draft heater were designed
to meet the same process requirements. A detailed analysis and comparison of the two designs have
been presented. The complete combustion and heat transfer process have been modeled and the
effects of turn-down operation and water and SO, dew point temperatures have been discussed
and possible problem areas highlighted. Solutions to some of the problems have also been offered.

Flownex has the unique ability to simultaneously model combustion, heat transfer and fluid
mechanics problems. This capability makes Flownex the ideal tool to design and analyze immersion
fire-tube heat transfer processes. It would be much more challenging to design and analyze an
entire immersion fire-tube-based heater system at the level of detail presented without Flownex as
an engineering design and analysis tool.
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