
Marine Auxiliary Machinery 

Structure of auxiliary boilers and exhaust gas economizer, Fuel combustion and steam generation, Maintenance and feed water treatment


1.  Types of auxiliary boiler and heat medium boiler

Although auxiliary steam boilers are classified in several types, there are two types of auxiliary steam boiler from the aspect of structure, which are smoke tube type and water tube type. In the smoke tube type, combustion gas goes through in the smoke tube heating boiler water and boiler water goes through inside the water tube mounted in an exhaust gas passage in the water tube type boiler. 
     
Heat medium boiler is not so popular so far however it is recently used especially on board domestic ships in cases where higher temperature than the steam is necessary and steam is not used for accommodation. In case of steam, higher temperature causes higher pressure and it can be avoided by using the heat medium boiler. In addition, if they use electric power for their accommodation, it is not necessary for them to use steam.

The heat medium boiler uses heat mediums instead of boiler water used in the auxiliary boilers and type of the heat medium boiler is considered to be same as auxiliary boilers, however, Forced Through Flow Type would be generally used. Heat mediums are chemical substances and they can be heated up to 200〜220 ℃ at the atmospheric pressure. 





	Name of Substance
	Alkyl Benzene

	Temperature range
	-5〜300 ℃

	Fluid point
	-15 ℃

	Boiling point
	400 ℃

	Flash point
	220 ℃

	Specific heat
	0.45 kcal/ ℃

	Viscosity
	1.3 cSt at 200 ℃



Example of heat mediums
The following is a typical classification of auxiliary boilers.


Scotch Boiler *1


Howden Johnson Boiler *2
Cylindrical Boiler
Smoke Tube Type


Cochran Boiler *3

	

Two Cylinder Water Tube *4
Natural Circulation Boiler

                                           	
La Mont Boiler
Forced Circulation Boiler 
Water Tube Type 


   
K.S.K Steam Generator

Forced Through Flow Boiler
low Boiler

Clayton Boiler *5

Heat Medium Boiler


*1: Scotch Boiler
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*2: Howden Johnson Boiler
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*3: Cochran Boiler
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*4: Two Cylinder Water Tube
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*5: Clayton Boiler
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Materials used in auxiliary boilers differ according to types and other conditions however, the materials must withstand pressure and heat resistant. 

The materials therefore regulated in the ships’ classifications, and carbon steel plate and carbon steel tube are usually used for boiler drum and water tube/smoke tube respectively. 

The carbon steel tube for heat exchanger is used for boiler tube which is exposed to combustion gas and the carbon steel tube for high-temperature piping is used for boiler tube which is not exposed to combustion gas.

Breaking strength and continuous stress of materials, and safety ratio are taken into account when designing diameter and length of boiler drum, and thickness of materials. 
Strength of Boiler Drum: Boiler drum is considered to be deformable due to steam pressure inside the drum and its strength can be calculated by being deemed as a thin cylinder.
1-Horizontal cross section
                      X 

              p  D               p
                      X
                              X-X breaking force =πD2/4      (1)
                              Stress of materials =πDtσ1　　　　　(2)
　　　　　　　　　　　　　　　(1) = (2)  ∴σ1= pD/4t
   2-Vertical cross section  
                       
                      Y                   Y  Y

                                   L
                             Y-Y breaking force = DLp          (3)
                             Stress of materials = 2tLσ2            (4)
                             (3) and (4)  ∴σ2 = pD/2t



2.    Structure of Cochran boiler and its mountings

[image: ](l) Bottom blow down valve
(f) Surface blow down valve
(m) Mud (Hand) hole
(i) Circulating boiler water return valve
(j) Circulating boiler water outlet valve

(k) Boiler water inspection valve
(h) Feed water inlet valve
(g) Manhole
(e) Glass gauge attachment
(d) Steam inner pipe
(c) Steam outlet (Main stop valve)
(b) Air vent valve
(a) Safety valves

(a) Safety valves: Two safety valves are mounted and they shall be set to the appropriate blow off pressures in order to avoid excess pressure inside the boiler shell. Pressures used for safety valves are Blow off pressure, Capacity design pressure, Blowing out pressure and Differential pressure.
The Blowing off pressure is controlled by adjusting the setting screw of the valve spring and the Blowing out pressure is controlled by adjusting “Lip clearance”.
These pressures are required to pass the statutory survey and the survey is carried out by actually blowing off the safety valve. 
(Example)  The following formula shall be applied to determine amount of blow off steam.  

A: Total area of safety valve necessary
W: Designed maximum amount of steam generated
P: Specific steam pressure
C: Constant value (0.21, more than 0.105, more than 0.0525
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(b) Air vent valve: This valve is usually opened only when staring up the boiler to blow off air and when shutting it down to blow off remained steam. 
(c) Steam outlet (Main stop valve): This valve is a root valve for steam supply system and is the most important valve in a way.
(d) Steam inner pipe: This is a kind of drain separator and collects steam equally inside the steam space/drum. Main stop valve fitting surface
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(e) Glass gauge attachment: Glass gauge is mounted on this place.
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(f) Surface blow down valve: This valve is available to blow down boiler water with floating impurities from the surface of the water.  
(g) Manhole: When inspection and cleaning to the inside of the boiler are necessary, this manhole is opened. When starting up the boiler, it has to be carefully closed. 
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(h) Feed water inlet valve: Feed water goes into the boiler through this valve and inner pipe mounted in the boiler.
(i) Circulating boiler water return valve: Boiler water returning from exhaust gas economizer goes into the boiler through this valve. 
(j) Circulating boiler water outlet valve: Boiler water comes out from the boiler through this valve and goes into the suction valve of boiler water circulating pump. The boiler water is compressed by the pump and goes into the exhaust gas economizer.  
(k) Boiler water inspection valve: This valve is used for taking out the boiler water in order to inspect the properties of the boiler water when necessary.
(l) Bottom blow down valve: This valve is available to blow down boiler water from the bottom part of the boiler with accumulated boiler mud.
(m) Mud/Hand hole: This mud/hand hole is opened when cleaning and inspecting the inside of the water side.









2.  Exhaust gas economizer
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3.    Installations on the steam supply system
(a) Damping valve: Damping valve protects the system from higher pressure than normal working range. Released steam goes into auxiliary condenser and turns into condensate water by being cooled with sea water.  

(b) Pressure regulating valve: This valve is installed before heating system and it controls steam pressure automatically at a setting value suitable for ensuring necessary temperature. The line after this valve is kept at the constant temperature under the set pressure.

(c) Temperature control valve: This valve controls temperature of a heating object by controlling amount of steam flow.
(Control/Regulating valve: Basically there are three types of control/regulating valves which are direct control, air pneumatic and motor drive) 

(d) Steam trap: Steam trap discharges steam drain automatically without releasing steam. (Basically there are three types of steam traps which are thermal acting, specific gravity and thermodynamic characteristic) 
Retention of steam drain causes adverse affects on the system such as unstable temperature of heating objects, reduction of heating capacity/surface and water hummer. For these reasons, steam trap is installed after heating coils or heaters.
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(e) Soot blower: Soot blower is equipment to blow away soot accumulated on the surface of smoke tubes/water tubes.
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(f) Tank Heating: Fuel oil/Lubricating reserved oil in tanks is heated by heating coils. In case of settling tank/service tanks, temperature control valve is usually installed.
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(h) FO Heater: Fuel oil/Lubricating oil is heated up to setting value in a heater and supplied to engines and others. Temperature control valve is installed to ensure the desirable temperature.
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(i)  Auxiliary condenser: Steam drain/exhaust steam goes into auxiliary condenser to be drain/condensate water.
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(j) Cascade tank: Drain/Condensate water from auxiliary condenser is reserved in Cascade tank and taken out by feed water pump. The feed water pump sends the water as feed water to boiler. Additional feed water is also supplied into this tank. This tank has partition plates inside and the plates avoid commingling of oil with the feed water.
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4.    Feed water system and its control system

Feed water system is a system to supply boiler water to a boiler and includes feed water pump, feed water heater (not included in some cases) and level control system.
The line is quite simple however various ideas are incorporated in the system.

4.1   Feed water pump

This pump compresses feed water until higher pressure than pressure of the boiler in order 


to supply feed water to the boiler. In case of smaller size of auxiliary boiler less than 3 ton/h of evaporation, the pump is started/stopped intermittently by level signal (ON-OFF Control). Other than that, most of feed water pump used for auxiliary boiler continuously run as long as the boiler is in service. However, amount of water supply to the boiler usually varies according to steam consumption. For this reason, a circulating line is installed on the delivery side of the pump to avoid overheat of the pump casing when feed water control valve close. Most of the feed water pumps are electric motor driven pump and its type is centrifugal pump.

4.2   Level control system

Level control system includes feed water control valve and its associated devices, level controller, level detecting equipment. This system is operated by various methodologies according to functions of boilers and other conditions. 

(a)  Feed water control valve and its associate devices
Most of feed water control valve is an air pneumatic diaphragm valve and a positioner is fitted to the control valve according to the valve capacity/size. The control valve is operated by a control signal (controller output: air, electric current/volt). 

In case of controller output signal cannot control directly the valve, the positioner is used to ensure stable operation of the valve by converting/amplifying controller output. An air regulator and filter are also used to supply clean compressed air to the control valve and the positioner. 




Level signal

	
Controller

Air supply (0.14 Mpa)
Output (0.02 --- 0.1 Mpa)
PI



 Air supply

Positioner
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(b) Level controller:
“PID” (Proportional, Integral and Derivative) controller is used for most of level controllers as a control methodology and its operation is performed by a pneumatic system or electronic system. “PI” control is usually used for controlling the water level of auxiliary boilers and “D” control is seldom used for level control. In some cases, PLC (Programmable Logic Controller) is used as an electronic system control however the control principle of PLC is same as PID.

PI control is a control action that integral action is added to the proportional action and proportional action is an output signal proportional to a deviation value. 
The deviation value is a difference between the setting value and detected present value. Integral action is an output signal proportional to time integration of deviation value.

The proportional action contributes to strength of control action and the integral action contributes to accuracy of control action. (Derivative action contributes to velocity of control action.)
  PI action is represented as follows;
         PI = K・(e  +             e: Deviation
                                         K: Proportional constant
In some cases, only “P” control is used for controlling feed water control valve however this case causes off-set (Constant deviation).
“P” is represented by proportional band (%) or “P” gain 
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             Pneumatic controller                       PLC

(c) Level detection equipment
Level detection of boiler water is performed by level condenser and differential pressure transmitter. The level condenser maintains constant water head in the condenser and difference pressure between the constant water level and actual boiler water level is represented by the movement of torque arm in the differential pressure transmitter. The transmitter outputs an air/electric signal according to the movement of the torque arm. The output is transmitted to the controller.
The principle of converting signal (movement of torque arm) is a nozzle flapper for a pneumatic converter and electromagnetic induction for an electric converter.
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(CO2  Meter)
CO2 meter determines (%) content of CO2 in the exhaust gas by utilizing lower thermal conductivity of CO2 and Wheatstone bridge. CO2 Meter is used for monitoring fuel combustion.
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(Smoke Indicator)
Smoke Indicator is used for monitoring fuel combustion by utilizing density of soot and smoke in the exhaust gas.

            Principle of smoke indicator


Light source

Reflecting mirror


Lens



Eye
Exhaust Gas















1.  Fuel combustion
Combustion is a phenomenon that combustible components contained in a fuel are brought into chemical combination with Oxygen producing heat and light and turn into completely different substances. Combustion patterns are surface burning taken place on surface of solid fuel, vaporization combustion taken place in liquid fuel and diffusion combustion taken place in gas fuel.
Fuel oil contains Carbon, Hydrogen and Sulfur as combustible components. When these components are burned, chemical reaction equations are as follow.
    
    　　　　　　　12 kg   32 kg (22.4 Nm3)  44 kg (22.4 Nm3)　
                    C    +    O2     =     CO2     Calorific value: 406.8 MJ 
               33.9 MJ / carbon 1 kg 
　　　　　　　              Oxygen: 32 / 12 = 2.7 kg / carbon 1 kg 
               Oxygen: 22.4 / 12 = 1.9 Nm3 / carbon 1 kg
                  4 kg     32 kg (22.4 Nm3) 36 kg (2×22.4 Nm3)
                   2H2   +    O2     =    2H2O   Calorific value: 482.4 MJ
                                                    120.6 MJ / hydrogen 1 kg
                                          Oxygen: 32 / 4  = 8 kg / hydrogen 1 kg
                                          Oxygen: 22.4 / 4 = 5.6 Nm3/ hydrogen 1 kg
                  32 kg     32 kg (22.4 Nm3) 64 kg (22.4 Nm3)
                   S     +     O2     =    SO2    Calorific value: 336 MJ
                                                    10.5 MJ / sulfur 1 kg
                                          Oxygen: 32 / 32  = 1 kg / sulfur 1 kg
         Oxygen: 22.4/ 32 = 0.7 Nm3 / sulfur 1 kg
Theoretical amount of oxygen necessary for complete combustion 
                   Om = 2.7 C + 8.0 H + 1.0 S – O  
                   Ov = 1.9 C + 5.6 H + 0.7 S – 0.7O　
Where C, H, S and O are contained weight (kg) in 1 kg of fuel
Theoretical amount of air for combustion of 1 kg of fuel (Content of oxygen is % 23 of air in weight and % 21 of air in volume)
Am = Om / 0.23,                Av = Ov / 0.21
Air excess ratio :  μ = Aa / Av    
                      Where Aa is actual amount of air supplied
         Auxiliary boiler: 1.2 〜 1.4
         Main boiler: around 1.1

Lower air excess ratio is desirable however appropriate air ratio is required to avoid incomplete combustion.

Higher air excess ratio causes;
・loss by exhaust gas due to increase of amount of exhaust gas
・reduction of boiler efficiency due to incomplete combustion caused by lower temperature inside the furnace 
・increase of running cost due to increase of air supply
・corrosion due to increase of production of SO3 and V2O5

When fuel oil burned completely, CO2, H2O, SO2, N2 contained in supplied air and excess air mainly constitute exhaust gas. In incomplete combustion, combustible substances such as CO, H2 and CH4 would be contained. When the complete combustion of carbon was taken place with theoretical amount of air, volume ratio of CO2 gas will be maximum in the entire exhaust gas.

                (CO2)max =           CO2 in volume                 ×(%) 100
 Theoretical dry combustion gas in volume 

However, as excess air is supplied, the actual volume ratio (CO2)A will become smaller.

In case of heavy fuel oil, (CO2)max is (%) 15 〜 16 and (CO2)A is (%) 12 〜 14 when air excess ratio is 1.2 〜1.4.

Fuel oil supply system
1.   Fuel oil supply system including combustion equipment and automatic combustion control
     In accordance with steam pressure, ignition to the burners is automatically taken place. It is carried out by detecting the steam pressure with pressure switches provided that electric power source is supplied, boiler water level is normal and FO temperature is higher than setting value.

1.   Fuel oil supply system including combustion equipment and automatic combustion control　
2.   Operation from start up to cool down and how to maintain continuous normal operation of auxiliary boiler
3.   Feed and boiler water treatment, and quality-based limitations


1.   Fuel oil supply system including combustion equipment and automatic combustion control
     In case of many auxiliary boilers, fuel combustion is automatically performed according to the steam pressure and intermittent ignition to a burner is taken place using diesel oil. Bunker oil and diesel oil therefore are usually supplied as fuel oil for the auxiliary boilers and a fuel oil heater is used to heat the bunker oil. The ignition is started by ON-OFF signal from pressure switches which detect steam pressure. When a flame eye detects presence of combustion flame from an ignition oil burner/pilot burner, the flame eye sends signal to ON/OFF burner solenoid valve to open and then fuel oil is atomized from the burner to burn the fuel oil. Air necessary for combustion is supplied by Forced Draft Fan (FDF). The air from air inlet damper is compressed by FDF and sent to a furnace through an air register which supports burners.


Pressure Reg. Valve
Flame eye, Electrode, Pilot burner

[image: ]* Air separation chamber separates vapor or air continuously from fuel oil system, maintains temperature of fuel oil and can be used as a buffer tank.
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Burning sequence under automatic combustion control (ON-OFF Control) is as follows;
(Example)
--- ON/OFF burner pressure switch detects lower steam pressure than setting value.
--- FO Burning pump and FDF (Forced Draft Fan) start.  (FO circulation with heating and pre-purge start)
--- After pre-purge (60 seconds), pilot burner pump starts and electrode switches on 
--- Flame eye detects pilot burner flame.
--- Main solenoid valve and ON/OFF burner solenoid valve open. 
--- Pilot burner pump stops and ON/OFF burner continues to burn fuel oil.
--- During the burning of ON/OFF burner, If HI/LOW pressure switch detects lower steam pressure than setting value, HI/LOW burner solenoid valve opens to burn fuel oil in parallel.
--- During the parallel burning, If HI/LOW pressure switch detects higher steam pressure than setting value, HI/LOW burner solenoid valve closes to stop burning.
--- When ON/OFF burner pressure switch detects higher steam pressure than setting value, ON/OFF burner solenoid closes to stop burning and post-purge starts.
--- After 60 seconds, FDF stops to complete post-purge.

Oil burners
There are typically three types of oil burners which are pressure atomizing burner, spray burner and rotary burner. Features of oil burners are as follows.

Pressure atomizing burner
This type of burner atomizes fuel oil with its pressure compressed by burning pump.
The burner atomizes fuel oil through its small hole of nozzle giving swirl motion to the fuel oil. There are two types of pressure atomizing burner which are full atomizing and partial atomizing. In the partial atomizing burner, some amount of fuel oil return to the inlet of burning pump. Adjusting range of amount of atomizing fuel oil is 1:1.5 for full atomizing and 1:5 for partial atomizing. This adjusting range is called “Turndown ratio” that represents a ratio between possible maximum amount of atomizing fuel oil and possible minimum amount of atomizing fuel oil.

Spray burner 
Spray burner atomizes fuel oil being assisted by air or steam and steam atomizing is mostly used due to be more than 1:10 of turndown ratio and available to burn low grade fuel oil although additional installations and more large consumption of water are necessary. 

Rotary burner 
This burner atomizes fuel oil by dropping it on the inside surface of atomizing cup which is rotating at about 6,000 min-1. Centrifugal force and primary air are also utilized to completely atomize fuel oil.
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3.   Feed and boiler water treatment, and quality-based limitations
Probably the single most important factor concerning safe, efficient and reliable operation of boiler is the maintenance of correct water conditions. Since raw water is insufficiently pure for use in boiler, water treatment is used to produce the desired water conditions.

3.1   Specific purposes of boiler water treatment 
    (a) Prevention of scale accumulation
    (b) Prevention of corrosion
    (c) Prevention of carry over

3.2   Specific measures to be taken
(a) Prevention of oxygen commingling with feed and condensate water
    --- Proper control of deaerator 
    --- Dosing hydrazine 
    --- Appropriate temperature control      
(b) Prevention of impurities (dissolved saline) commingling into extra feed water 
    --- Use of distilled water and its control
    --- Proper control of cascade tank
(c) Monitor and prevention of sea water commingling
    --- Proper control of salinometer and electric conductivity meter  
    --- Measurement of chloride ion 
(d) Maintenance of quality-based limitations 
     --- Analysis of boiler water and feed water     
     --- Proper control of boiler compound
(e) Maintenance of boiler water density
     --- Boiler water blow down

3.3   Property of boiler water
    (a) Hydrogen ion concentration index
       Hydrogen ion concentration index is represented by pH
       [H+] = [OH−] = 10−7      Neutral water   pH = 7
       [H+] ＞ [OH−]           Acid water      pH ＜7
       [H+] ＜ [OH−]           Alkali water     pH ＞7

       pH can usually be measured by pH test paper or electrode method.

    (b) Alkalinity
       There are P Alkalinity (Phenolphthalein alkalinity) and M alkali (Methyl red alkalinity) which is equivalent to content of calcium carbonate mineral (CaCO3). P Alkalinity represents density of alkali substance which rises alkalinity more than 8.3. It indicates how much boiler compound was used. M Alkalinity represents density of alkali substance which rises alkalinity more than 4.8. This is called Total Alkalinity which indicates content of impurity. 

    (c) Chloride ion density
       Chloride ion density represents concentration of boiler water and indicates necessity of blow down.

    (d) Specific electric conductivity 
       Specific electric conductivity represents content of dissolved substances as well as concentration of boiler water.

    (e) Hardness
       Hardness represents dissolved Ca ion and Mg ion in boiler water.
       There are two indications which are German hardness (dH) and ppm (CaCO3).
       “ppm” hardness indicates quantity of Ca ion and Mg ion which is equivalent to “mg” of calcium carbonate (CaCO3) contained in 1 liter of water. Hardness constituent causes production of scale.

    (d) Phosphate ion density
       Phosphate ion is put in boiler water as boiler compound to precipitate hardness constituent as phosphate and to prevent production of scale.

3.4    Corrosion
Corrosion of the water side largely occurs by electrochemical reaction and progresses with potential difference. The potential difference is produced by difference in ionization tendency of dissimilar metals and other factors such as concentration of dissolved oxygen, asperity, water flow, temperature and stress.
        

 H2O  →　H+ + OH−
 Fe 　→   Fe2+ + 2e
        
 2H+ + 2e  →  2H,      Fe2+ + 2OH−  →   Fe (OH)2       Ferrous hydroxide
         
Ferrous hydroxide insulates the surface and prevents corrosion.
If dissolved oxygen exists in the water, ferrous hydroxide is oxidized.

         4Fe(OH)2  +  2H2O  +  O2   →  4Fe(OH)3        Ferric hydroxide
         4H  +   O2   →   2H2O

Ferric hydroxide is a porous substance and does not cling to the surface forming the local cell. The corrosion therefore further progresses as iron elutes ferric ion. Main factor to form the local cell is the dissolved oxygen therefore removing the dissolved oxygen is the most effective measures to prevent corrosion.









3.5    Quality-based limitations 
   Auxiliary boiler (Less than 1 Mpa)
	
	       Corhron
	   Water tube

	   Extra feed 
	Shore 
	Distilled 
	 Shore
	Distilled

	

Feed
Water

	pH (25 ℃)
	7〜9
	8.0〜9.2
	7〜9
	8.0〜9.2

	
	Hardness (mg CaCO3/l)
	   5
	   1
	    5
	     1

	
	Oil & fat (mg/l)
	Maintenance of low
level is desirable 
	Maintenance of low
level is desirable

	
	Dissolved oxygen (mg/l)
	
	

	
	Cu (mg/l)
	  --
	   --
	   --
	  --

	
	Fe (mg/l)
	  ≦3
	  ≦3
	   ≦3
	  ≦1

	
	Hydrazine N2H4 (mg/l)
	  --
	   --
	   --
	   --

	

Boiler
Water
	pH (25 ℃)
	11.0〜11.8
	10.5〜11.5
	11.0〜11.8
	10.5〜11.5

	
	P Alkalinity (mg CaCO3/l)
	200〜600
	  --
	200〜600
	  --

	
	M Alkalinity (mg CaCO3/l)
	250〜700
	   --
	250〜700
	  --

	
	Electric conductivity (ms/m)
	  ≦200
	  ≦100
	 ≦200
	  ≦100

	
	Chloride ion Cl− (mg/l) 
	  ≦100
	  ≦50
	  ≦100
	  ≦50

	
	Phosphate ion PO43− (mg/l)
	20 〜100
	20 〜40
	20 〜100
	20 〜40

	
	Silica SiO2 (mg/l)
	  ≦200
	  ≦50
	  ≦200
	  ≦50

	
	Hydrazine N2H4 (mg/l)
	0.1 〜1.0
	0.1 〜1.0
	0.1 〜1.0
	0.1 〜1.0



(Boiler compound)
Sodium hydrate (NaOH): Increase pH preventing corrosion.
Sodium acid phosphate: Prevent scale production.
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