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Packaged steam generators firing 

natural gas and fuel oils are widely 
used in chemical process industries 
(CPI) plants, petroleum refineries, and 
cogeneration systems to generate 
steam for process use or for power. 
These units are generally shop -
assembled (Figure 1) and can generate 
saturated or superheated steam at 
capacities up to 200,000 lb/h, 
pressures ranging from 100 to 1,200 
psig, and steam temperatures from 
saturated condit ions to 900°F.  
(The 200,000 lb/h capacity is set by ship -
ping constraints on generator size. When 
the required capacity exceeds this, the 
steam generator has to be field-erected.) 
Packaged steam generators were generally 
considered "off-the-shelf" items until a 
few years ago. That is, manufac turers 
standardized on several sizes (for example, 
20,000 to 120,000 lb/h in steps of 20,000 
lb/h) and selected the unit that was closest 
to the needs of the customer. If the 
manufacturer had standard 80,000and 
100,000-lb/h units, and if one customer 
wanted an 89,000-lb/h boiler while 
another wanted a 105,000-lb/h boiler, both 
customers would get the same 100,000-
lb/h boiler. 
In the past, manufacturers and customers 
did not concern themselves much with the 
implicat ions of variations in excess air, 
gas recirculation, staged combustion, and 
so on. However, these factors influence 
emissions of nitrogen oxides (NO) and 
carbon monoxide and affect the boiler size 
and performance - and they are becoming 
more and more imp ortant in boiler 
selection and design. 

• Figure 1. Large packaged steam generator. 

 (The implications of emissions on boiler 
design and the need for customized design 
will be discussed later in the article.) Of 
course, a standard "off-the-shelf" design is  
less expensive than a "customdesigned" unit, 
which considers each requirement on a case-
by-case basis. 

This article explains what packaged steam 
generators are, discusses various aspects of 
design, and outlines what information the 
user needs to provide to the supplier when 
specifying packaged steam generators. 

Generator configurationsGenerator configurations   
Two main types of packaged steam 

generators are the D-type and the O-
type, shown in Figure 2. 

In the D-type, the burner is 
mounted in the front wall. The 
products of combustion, on leaving the 
furnace, make a 180deg. turn and pass 
through the convection bank of tubes, 
which may contain a superheater if 
superheated steam is generated. 
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Packaged steam 

generators are no 

longer purchased 

"off the shelf." 

Here's how to 

evaluate the options. 



 

 

N Figure 3. 
Arrangement of 

drum internals. 

• Figure 2. 

Boiler configurations. 

 The economizer is generally located 
outside the boiler. 

In the O-type, the burner is (as in the 
Dtype) mounted in the front wall. The 
products of combustion leave the furnace 
and either come back toward the front 
(denoted O-type-1 in Figure 2) or move 
straight on (denoted 0-type-2). The 
bottom drum in the O-type may be 
replaced by two smaller drums and 
another possible configuration results - 
namely the A-type. 

The choice of boiler type varies 
among manufacturers. 

Natural gas and oil are the main fuels 
used in these types of boilers, although 
solid fuels have been fired with 
equipment modifications. This article 
deals only with clean fuels such as gas 
and oil. 

Natural circulation moves the steam-
water mixture through the evaporator 
tubes. The rear convection tubes, where 
the gas temperature is low (within 100°F 
to 250°F above the saturation 
temperature), act as downcomer tubes, 
while the rest of the tubes in the radiant 
and convection section act as risers, 
carrying the steam-water mixture to the 
steam drum. Depending on how the 
steam is utilized, cyclones and chevron 
steam separators (Figure 3) are used to 
achieve the desired steam purity, which 
is in the range of 10 ppb to 1 ppm. 

If a superheater is required, it is 
generally preferred that it be drainable. It 
can be located in the furnace (radiant 
type) or in the convection zone 
(convective type). Radiant superheaters 
should be designed with greater care, as 
they are subject to flame radiation and 
frequent tube failures. Convective 
superheaters (Figure 4) are the choice for 
steam temperatures less than 750°F ; a 
semiradiant design may be used for 
steam temperatures up to 950°F. 

Steam temperatures are generally 
controlled using an interstage 
desuperheater or a spray attemperator, 
which injects water into steam to control 
its temperature. If a spray attemperator is 
used for steam temperature control, the 
feed water should preferably be 
demineralized and have a very low solids 
content. Otherwise, the superheated 
steam could be injected with solids, 
which could be deposited inside the 
superheater tubes, leading to corrosion  

and overheating, or deposited in the steam turbine, leading to 
turbine failure. If the degree of superheat is very low, say 20-50°F, 
the superheater may also be located between the evaporator and 
economizer. 

An economizer is often used to recover energy from the flue 
gases once they leave the evaporator. 
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Extended surfaces are utilized to 
make the economizer compact. The 
feed water entering the economizer 
should be deaerated to mimimize tube 
side corrosion and pitting. Feed water 
temperatures above 240°F are 
preferred when firing fuels containing 
sulfur to avoid dew-point corrosion. 
In gas-fired units, the typical exit gas 
temperature from the economizer 
ranges from 300°F to 350°F at 100% 
load. As the load decreases, the exit 
gas temperature decreases. 

Air heaters are rarely used for 
heat recovery, because they are less 
compact and because they also 
increase the flame temperature, which 
results in higher NOx emis sions. In 
addition, the gas and air pressure 
drops are higher and, hence, result in 
higher operating costs. Air heaters 
may be required when firing 
"difficult" fuels, such as coal and 
solid waste, however these are not 
considered in this article. 

Boiler efficiency depends on the 
excess air and exit gas temperature, as 
illustrated in Table 1. Efficiency is 
based on either the lower or the 
higher heating value (LHV and HHV) 
and is denoted E, or Eh, respectively. 
The relationship between the two 
efficiencies is simple: E, x LHV = Eh  
x HHV Simple calculations are also 
available to relate excess air and 
efficiency based on data from flue gas 
analysis (1,2). 

In large boilers (above about 
100,000-lb/h capacity), the efficiency 
is of great significance, because it 
impacts operational costs. For 
example, if the difference in 
efficiency between two 100,000-lb/h 
boilers is just 1%, about 1.3 million 
Btu/h of additional fuel is consumed 
by the less-efficient unit. This 
translates into $26,000/yr (based on 
fuel costs of $2.5/million Btu and 
8,000 h/yr operating time). 

Packaged steam generators are usu-
ally of the pressurized furnace type, in 
which a forced-draft fan forces the 
combustion air and flue gases to the 
stack via the burner, furnace, convec-
tion tubes, and economizer. Large 
field-erected boilers are usually of bal-
anced-draft construction, in which a 
forced-draft fan handles the air and an 
induced-draft fan moves the flue gases. 
Balanced-draft designs are not 
economical for packaged boilers. 

Several decades ago, boiler fur-
naces were constructed of tubes set 
against a refractory/tile enclosure, as 
shown in Figure 5a. This design is no 
longer used because of problems 
associated with leakage of gases to the 
casing, corrosion, and the massive 
weight associated with the refractory. 
The tangent tube design (Figure 5b) is 
an improved construction, but it still 
lacks the integrity and popularity of the 
membrane wall design (Figure 5c), 
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 which acts as a gas-tight enclosure 
for the flue gases and also minimizes 
problems associated with thermal 
expansion and movement of the 
various parts of the furnace. 

In the membrane wall design, the 
entire furnace operates at a uniform 
temperature, so differential expan-
sion concerns are absent. On low-
pressure units, 2-in. O.D. tubes at a 
4-in. pitch are generally used for the 
furnace construction, while in high-
pressure units (those exceeding 800 
psig), a lesser pitch is used to mini-
mize the fin tip temperature. 
Calculations have to be performed 
by the boiler designer to ensure that 
the fin tip temperature does not 
exceed the value suggested for the 
fin material under consideration. The 
choice of tube size and pitch varies 
among boiler manufacturers. 

Recent trends 

In order to meet emission criteria, 
parameters such as furnace geome-
try, excess air, and heat release rates 
must be commensurate with the rec-
ommendations of the burner 
supplier. In addition, depending on 
the method adopted for NOx control, 
the furnace and boiler design will be 
impacted. Some of the widely used 
methods of NO x control in packaged 
boilers are described below. 

Flue gas recirculation. In flue gas 
recirculation (FGR), a certain 
amount of flue gas is drawn from the 
boiler exit and introduced into the 
flame region to reduce the flame 
temperature. Recirculating flue gas 
may be induced into the forced-draft 
fan suction, at the furnace close to 
the flame via a separate recirculation 
fan, or by the forced-draft fan itself. 

NOx formation is basically of two 
types - thermal NOx, which is a 
result of the combustion process and 
the resulting combustion tempera-
ture, and fuel NO.,, which is the con-
version of the fuel-bound nitrogen to 
NO x. A fuel that is rich in hydrogen, 
for example, can lead to a higher 
flame temperature and hence 

increased thermal NOx. FGR reduces 
the combustion temperature and the 
availability of oxygen in the flame, 
which result in lower thermal NOx. 
However, FGR has less impact on fuel 
NOx. 

The amount of flue gas recirculation 
may range from 5% to 20%, depending 
on the extent of NO x reduction 
required. This results in a larger boiler 
or higher gas pressure drop through the 
boiler for the same duty, compared to a 
boiler without FGR, and therefore 
higher operating costs. An additional 
gas pressure drop of 1 in. w.c. in the 
boiler is nearly equivalent to 4 kW 
more of fan power consumption in a 
100,000lb/h boiler; at 7¢/kwh, this is 
equivalent to $2,240/yr. 

Staged combustion. Staged air 
burners utilize off-stochiometric com-
bustion under controlled conditions. Air 
is introduced into the furnace in two 
stages - the primary (60-80% of the air), 
and the secondary. The short age of 
oxygen generates high partial pressures 
of carbon monoxide and hydrogen. 
These reducing gases limit the NOx 
formation and also reduce any NOx that 
is formed to molecular nitrogen. The 
secondary air is introduced at a 
different location to complete the 
combustion after some energy has been 
transferred by the flame, thereby 
reducing thermal NO x formation. 
Furnace geometry must ensure that 
proper mixing occurs so that carbon 
monoxide and soot formation are 
minimized. 

Staging of fuel accomplishes a 
similar objective. A portion of the fuel 
and all of the air are mixed in the 
primary combustion zone; rapid 
combustion is achieved in a highexcess-
air atmosphere, resulting in a lower 
flame temperature. Additional fuel is 
introduced downstream at a region 
where the presence of flue gases results 
in a lower flame temperature, leading to 
thermal NO, reductions of as much as 
50 %. 

Up to 30-60% reduction in NOx can 
be attained by the above methods alone 
or in combination. 

 

 
Use of catalysts. When NOx levels 

of 6-9 ppmv (dry) are specified, as in 
some California regions, selective 
catalytic reduction (SCR) is used, 
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 although it is very expensive. In this 
method, ammonia is injected into the 
flue gas upstream of a catalyst 
reactor and the reactants pass 
through the catalyst blocks, which 
are of some proprietary precious 
metal construction. Depending on 
the catalyst, a gas temperature range 
of 550°F to 750°F is recommended 
at the SCR to ensure that the reac-
tions for NOx reduction are favorable 
and complete. 

The use of SCR affects the boiler 
design in a few ways. In order to 
accommodate the SCR, which operates 
efficiently only within a narrow band of 
gas temperatures, methods such as gas 
bypassing via dampers must be used to 
ensure the proper gas temperature 
range to the SCR at all boiler loads. 
This gas bypassing may be done 
externally or internally to the boiler. 
The SCR also adds to the gas pressure 
drop through the system by 2-4 in. w.c. 
A convenient location for the SCR is 
between the evaporator and 
economizer. 

 
Furnace design and emissions 

All of the above methods of NOx 
control have significant impact on 
boiler design, particularly on the fur-
nace and convection sections. Gas 
recirculation also affects the gas 
temperature profile through the 
boiler, which in turn affects the 
steam temperature if a superheater is 
used. 

Furnace construction has a 
significant impact on emissions. A 
completely water-cooled design 
(with front, rear, and side walls 
cooled) ensures adequete cooling of 
the flame as soon as it is formed. 
The absence of refractory on the 
front wall results in a benign 
environment for the flame, because 
the refractory can cause reradiation 
to the flame. The completely water-
cooled membrane wall furnace 
(Figure 6) also results in a lower 
heat release rate per unit of area for 
the same furnace volume, since the 
front and rear walls are effect ively 
cooled. Thermal expansion  

Furnace heat release rates 
A distinction must be made between 
the heat release rate and the heat flux. 
The heat release rate (HRR) is the 
amount of energy released by the fuel 
and air divided by the effective 
projected area of the furnace. Effective 
projected area is the flat projected area 
of the furnace walls (tubes, fins, and 
the membranes between the tubes) 
including the opening to the con-
vection section. One should be careful 
when comparing bids, because some 
manufacturers use the circumferential 
area of the tubes plus the flat projected 
area of the fins, thereby resulting in a 
larger surface area. 

Typically the furnace absorbs 35% 
to 50% of the total energy. 

The average heat flux is the 
amount of energy absorbed in the 
furnace divided by the effective 
projected area. This is an 
important variable, particularly in 
high-pressure boilers. 

Allowable heat fluxes range 
from 130,000 to 200,000 
Btu/ft2•h, depending on steam 
pressure, tube size and 
orientation, mass velocity inside 
the tubes, and circulation ratio. If 
the maximum local heat flux 
exceeds the allowable heat flux, a 
condition called "departure from 
nucleate boiling" (DNB) results, 
leading to overheating and tube 
failures (1,2). This is quite rare, as 
packaged steam generators  
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problems and maintenance concerns 
associated with refractory are also 
absent, because the entire unit 
expands and contracts uniformly. 

Another factor that leads to 
increased CO formation is the leak-
age of the products of combustion 
from the furnace to the convection 
section. This can occur if the parti-
tion walls are not of the membrane 
wall design. Tangent tube construc-
tion for the partition can lead to 
leakage of the combustion products 
because the differential pressure 
between the furnace and convection 
exit can be in the range of 16-30 in. 
w.c. in pressurized furnace designs. 
A membrane wall construction 
elimi nates the leakage concerns. 

HRR may be specified on a lower 
or higher heating value basis. 
Typical HRR values range from 
60,000 to 180,000 Btu/ft 2•h 
depending on boiler capacity 
(smaller capacity units generally 
have the lower heat release rates). 
The heat release rate affects the 

furnace absorption and the furnace 
exit gas temperature. Energy 
absorbed in the furnace may be 
computed by evaluating the net 
energy released in the furnace and 
subtract ing the energy at the furnace 
exit, which varies with the furnace 
exit gas temperature. It may also be 
not iced that the furnace exit gas 
temperature is higher for natural gas 
compared to oil. 



 

operate at a low heat flux and steam 
pressures are low compared to large 
utility boilers. Customizing designs. 

Packaged steam generators have 
come a long way since they were 
introduced a century ago. For 
instance: 

Furnace dimensions are set in 
consultation with burner suppliers, 
whose modeling of NO, and CO 
emissions may not favor a given 
geometry for different emissions. 

Borrowing the concepts from gas 
turbine heat-recovery steam genera-
tors (HRSGs), packaged steam gen-
erators have been made compact by 
utilizing extended surfaces in the 
convection section. Low-
temperature superheaters have been 
designed with finned tubes. The use 
of extended surfaces reduces gas 
pressure drop, thus reducing 
operating costs. 

The location of the superheater 
may also be optimized to match the 
steam temperature requirements, 
particularly in units where a large 
portion of the saturated steam is 
extracted for process use and the 
balance is superheated. 

Operating costs could be reduced 
by designing the convection section 
with appropriate tube spacings 
rather than a standard value. 

Dimensions such as boiler width, 
depth, or height may be changed to 
fit a given space or shipping 
limitation. 

Finally, the completely water-
cooled membrane wall design 
results in less maintenance, as well 
as the other advantages discussed 
earlier regarding NO, formation and 
heat release rates. 

Specifying steam generators In 
order to properly specify a suit able 
packaged steam generator, the 
engineer should provide, as a mini-
mum, the following information: 

1. Steam parameters, such as 
flow rate, pressure, and 
temperature, as well as the feed 
water temperature. If a portion of 
the saturated steam is taken off 

for deaeration or process use, this 
should be stated, as only the balance 
flows through the superheater. 
Specifications should state whether the 
net output from the boiler should 
include the deaeration steam or not. 

2. Steam temperature control, if 
required. It is very difficult to control 
steam temperatures over the entire 
range from 10% to 100% load, which 
is sometimes specified by engineers 
not familiar with boiler design. One 
can imagine that even if a superheater 
is designed for, say, 75-100 psi pres-
sure drop, at 10% load the flow 
through the tubes cannot be properly 
distributed at 1/100th the pressure 
drop, which would be less than 1 psi. 
The same concern occurs outside the 
tubes, where the gas velocity is only 
1/10th and heat transfer will not be in 
the forced convection regime. A more 
realistic spread for control could be 
60% to 100% load. Also, it does not 
make sense to control the steam tem-
perature when the degree of superheat 
is only 30°F to 50°F. 

A more sensible way of specifying 
the design is to allow the steam 
temperatures to float. Many engineers 
do not even ask the question, "What 
will happen if the steam temperature 
drops by, say, 40°F at lower loads?" 
One has to understand the implications 
on downstream equipment before 
calling out unrealistic specifications 
on the steam temperature control 
range. 

3. Emission requirements, if any. 
These should be stated early in the 
design process and not after the boiler 
is ordered or built, because, as 
discussed earlier, the impact on boiler 
size or performance is significant. 

4. Feed water analysis. Such 
information helps determine the blow-
down requirements and whether the 
feed water can be used as spray for a 
steam attemperator. Any solids present 
in the water can be deposited within 
the superheater tubes, causing prob-
lems for the superheater. The final 
steam will also have a low purity. 

5. Fuel analysis - that is, the 
composition of the fuel gas, such as 
methane, ethane, propane, hydrogen, 
and so on. 

These data help in analyzing the 
boiler performance and combustion 
process and the impact on NOx and 
CO emissions. The presence of 
higher hydrocarbons increases the 
combustion temperature and hence 
NO,, emissions. The presence of 
nitrogen in fuel oil also contributes to 
high er NOx. A low-Btu gas, for 
example, generates a larger amount 
of flue gas for the same duty than a 
high-Btu gas and, therefore, results in 
higher pres sure drop through the 
system. 

6. Space restrictions, if any. The 
boiler configuration may be changed 
to accommodate a horizontal or verti-
cal gas flow economizer if space is a 
concern. Furnace dimensions and 
tube pitch may also be modified to fit 
the boiler within the given space. 

To receive a free copy of this 
article, send in the Reader Inquiry 
card in this issue with No. 149 
circled. 
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