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ME529 Combustion and Air Pollution

Topic 04a.  Combustion Thermodynamics
4.1 Energy Balance to Obtain Heat of Combustion
The 1st law of thermodynamics (energy balance) applied to a closed system (no mass transfer):


[image: image1.wmf]W

Q

dE

d

d

+

=


where we use the convention of heat transfer to the system as positive, and work done by the system as negative.

If  

KE and 

PE are = 0, 
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or
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If the work done is compression or expansion, the energy needed to change volume by dV at pressure p is -pdV and 
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Note that the change in internal energy is the change in heat transfer for constant volume systems.

For convenience, the state function enthalpy is defined as
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or
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Substituting in the 1st law, and the expression for enthalpy becomes
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Note that the change in enthalpy is the change in heat transfer for constant pressure systems.

For open (flow-through) systems,
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For a chemical reaction:
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where the ('s are the stoichiometric coefficients of the chemical compounds.  The LHS are reactants; the RHS are products.

Conservation of mass:
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Conservation of energy:
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where hi(T) is the enthalpy or heat of formation of species i.  The heat transfer per mole that is required to maintain the process at a constant temperature T is called the enthalpy of reaction.  

The enthalpy of species i is defined relative to a reference state where the enthalpy is taken to be zero.  This reference state is To = 298 K and Po = 1 atm = 101 kPa, or reference temperature and pressure (RTP), and is based on the pure elements in a chemically stable state at To and Po; C is solid graphite, H exists as H2 gas, N as N2 gas, O as O2 gas, S as solid sulfur, and so on.  Hence, the enthalpy of a compound like water at the standard state (RTP) is its enthalpy of formation:

H2 + 1/2 O2 ===> H2O
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The enthalpy of formation is the energy released or absorbed when the compound is formed from its elements (with reactants and products all at RTP).

The superscript o denotes reference to the chemical reference state.  The enthalpy of formation of pure elements at the reference state is zero (see the table in the attached appendix).




Figure 1.  Enthalpy of formation.

In Figure 1, C and oxygen enter a reactor and react completely at steady state to form carbon dioxide at the same T and P.  Carbon dioxide is formed according to

C + O2 <===> CO2

This reaction is exothermic so heat must be transferred from the reactor to the surroundings for the products to exit at the same temperature and pressure.  An energy balance yields:
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Here, 
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is the molar flow rate and 
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 is the enthalpy per mole.   Solving for the enthalpy of carbon dioxide and noting that, from the reaction equation, all molar flow rates are the same,
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Since C and O2 are stable elements at RTP, 
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 = 0 and 
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= 0.  Hence, the specific enthalpy of carbon dioxide at RTP is the heat transfer per mole of CO2, between the reactor and the environment.  It is -394,088 kJ per kmol of CO2 formed.  (The sign is -ve because it is heat transferred FROM the reactor, exothermic.  (If heat must be transferred TO the reactor, the reaction is endothermic.)   This energy is the enthalpy of formation and is tabulated in the table in the attached appendix as well as in the JANAF Thermochemical Table, NASA database, thermodynamics textbooks, chemistry texts, etc.  

The enthalpy of a compound at any temperature is the sum of the enthalpy of formation at To and a sensible enthalpy term associated with the (T from To to T:





 EMBED EQUATION  [image: image19.wmf](
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The sensible enthalpy is the integral over temperature of the specific heat at constant pressure:
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In combustion systems, the variation in Cp cannot be ignored because of the large range in temperature.  A linear approximation to Cp is:
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The values of a and b for species important in HC combustion are listed in the table in the attached appendix.  Use of tabulated enthalpies or those calculated from tables in programs like EES or ALLPROPS is far more accurate.  STANJAN and the NASA equilibrium code, which we will use later, use data from the JANAF tables.

A much more accurate polynomial representation for specific heat is given in the NASA thermodynamic databases (also used by the Chemkin program).  Appendix A.13 on pages 646 – 647 in the class textbook lists some of these coefficients.  The complete database can be downloaded from the class webpage.

We can now apply the 1st law of thermodynamics in a chemically reacting open system.

________________________________________________________________

Example 4.1 - Methane gas at 400 K enters a combustion chamber, where it is mixed with air entering at 500 K and 1 atm.  The products of combustion exit at 1800 K and 1 atm.  For steady state operation, determine the rate of heat transfer from the combustion chamber in kJ per kmol of fuel.  Neglect KE and PE effects.




Assume:  1) no work done by/on SSCV; 2) ignore KE & PE effects; 3) reactants and products can be modeled as ideal gases; 4) atmospheric nitrogen is inert.

Solution:

First, balance the combustion reaction (conservation of moles).

CH4 + 2 (O2 + 3.78 N2) ===> CO2 + 2 H2O + (2 x 3.78) N2
The conservation of energy reduces to:
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Note that 
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 for O2 and N2 (on both sides of the reaction) is = 0.

Substituting in values from the table in the appendix:
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Perform the integrations:
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Combine all terms:
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________________________________________________________________

4.2 Higher and Lower Heating Values

The chemical composition of many practical fuels is not known.  Also, the enthalpy data must be known for ALL the reactants and products to calculate the enthalpy of combustion.  Otherwise, the enthalpy of the combustion reaction must be obtained experimentally in a calorimeter.  Both flow calorimeters and constant-volume (bomb) calorimeters usually measure the higher heating value (HHV) of a fuel.  Engineers need to distinguish between HHVs and the lower heating value (LHV) of fuels.

The HHV includes the heat of vaporization of water vapor formed during combustion because it assumes that all of the water in the combustion products has condensed to liquid.  The LHV assumes that all of the products of combustion remain gaseous.  

When experiments are done at room temperature in the calorimeter (that is, reactants start out at 298 K and reactants are cooled to 298 K), water vapor formed during combustion will condense.  This increases the apparent heat release due to the latent heat of vaporization.  




Since exhaust temperatures are usually high enough to prevent condensation, the LHV is more relevant.  Hence, when the HHV is given, it often needs to be converted into a LHV.

LHV = HHV - n hfg,H2O
________________________________________________________________

Example 4.2 HHV and LHV

The HHV of a fuel oil with the molecular formula CH2.186 is measured as -44,135 J/g.  Calculate the LHV in kJ/mol.

Solution:  The latent heat of vaporization at 298 K for water is -43,961 J/mol.

LHV = -44,135 J/g x (12 + 2.186) g/mol- 2.186/2 g/mol x ( -43,961) J/mol

= -626,099 J/mol + 48,049 J/mol = - 578 kJ/mol

________________________________________________________________

4.3 Adiabatic Flame Temperature

The maximum exhaust temperature from a combustor could be achieved if none of the heat released was lost to the walls of the burner, and if combustion were stoichiometric, complete, and there was no dissociation of products.  The temperature achieved by this adiabatic, ideal combustion is called the adiabatic flame or adiabatic combustion temperature.  The adiabatic flame temperature can be calculated using conservation of mass and conservation of energy.   Assume that the combustion air and combustion products form ideal gas mixtures.  Since all heat transfer is internal, the energy balance reduces to
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or
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The number of moles (n) are obtained from the balanced chemical reaction.  The enthalpy of formation of products is tabulated.  Enthalpy of combustion data might have to be used when the enthalpy of formation of the fuel is not known.  The 
[image: image36.wmf]_
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 terms for the reactants can be evaluated from Cp data.  The unknown adiabatic flame temperature appears implicitly and hence must be solved for iteratively.  A program such as STANJAN, EES or Mathcad can be used, or even a spreadsheet can be set up for manual iterative calculations.  Alternatively, a computer program could be written.
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Appendix A.  Approximate Thermodynamic Data for Species of Combustion Interest (Flagan and Seinfeld, 1988)

	Species
	Name
	(hf( (298 K)

(J / mol)
	s( (298 K)

(J / mol K)
	Cp = a + bT

 ( J / mol K )

	
	
	
	
	a
	b

	C
	Carbon, monatomic
	716,033
	158.215
	20.5994
	0.00026

	C (s)
	Graphite (ref.)
	0
	5.694
	14.926
	0.00437

	CH
	Methylidine
	594,983
	183.187
	27.6451
	0.00521

	CH2
	Methylene
	385,775
	181.302
	35.5238
	0.01000

	CH3
	Methyl
	145,896
	194.337
	42.8955
	0.01388

	CH4
	Methane
	-74,980
	183.413
	44.2539
	0.02273

	CN
	Cyano
	435,762
	202.838
	28.2979
	0.00469

	CO
	Carbon monoxide
	-110,700
	197.810
	29.6127
	0.00301

	COS
	Carbonyl sulfide
	-138,605
	231.804
	47.6042
	0.00659

	CO2
	Carbon dioxide
	-394,088
	213.984
	44.3191
	0.00730

	C2H
	CCH radical
	447,662
	207.615
	40.4732
	0.00880

	C2H2
	Acetylene
	227,057
	201.137
	51.7853
	0.01383

	C2H4
	Ethylene
	52,543
	219.540
	60.2440
	0.02637

	C2H4O
	Ethylene oxide
	-52,710
	243.272
	70.1093
	0.03319

	C2N2
	Cyanogen
	309,517
	241.810
	63.7996
	0.00913

	H
	Hydrogen, monatomic
	218,300
	114.773
	20.7859
	0

	HCHO
	Formaldehyde
	-116,063
	218.970
	43.3037
	0.01465

	HCN
	Hydrogen cyanide
	135,338
	202.000
	38.9985
	0.00885

	HCO
	Formyl
	-12,151
	245.882
	37.3667
	0.00766

	HNO
	Nitroxyl hydride
	99,722
	220.935
	38.2143
	0.00750

	HNO2
	Nitrous acid, cis-
	-76,845
	249.666
	54.0762
	0.01100

	HNO2
	Nitrous acid, trans-
	-78,940
	249.498
	54.5058
	0.1075

	HNO3
	Nitric acid vapor
	-134,499
	266.749
	68.1195
	0.01549

	HO2
	Hyperoxyl
	20,950
	227.865
	38.3843
	0.00719

	H2
	Hydrogen (ref.)
	0
	130.770
	27.3198
	0.00335

	H2O
	Water vapor
	-242,174
	188.995
	32.4766
	0.00862

	H2O2
	Hydrogen peroxide
	-136,301
	232.965
	41.6720
	0.01952

	H2S
	Hydrogen sulfide
	-20,447
	205.939
	35.5142
	0.00883

	H2SO4
	Sulfuric acid vapor
	-741,633
	289.530
	101.7400
	0.02143

	H2SO4
	Sulfuric acid liquid
	-815,160
	157.129
	144.0230
	0.02749

	N
	Nitrogen, monatomic
	476,326
	153.413
	20.7440
	0.00004

	NH
	Imidogen
	339,392
	181.427
	28.0171
	0.00349

	NH2
	Amidogen
	167,894
	194.785
	33.5349
	0.00837

	NH3
	Ammonia
	-45,965
	192.866
	38.0331
	0.01593

	NO
	Nitric oxide
	90,421
	210.954
	30.5843
	0.00278

	NO2
	Nitrogen dioxide
	33,143
	240.255
	43.7014
	0.00575

	NO3
	Nitrogen trioxide
	71,230
	253.077
	61.1847
	0.00932

	N2
	Nitrogen (ref.)
	0
	191.777
	29.2313
	0.00307

	N2H
	Diimide
	213,272
	218.719
	43.2755
	0.01466

	N2O
	Nitrous oxide
	82,166
	220.185
	44.9249
	0.00693

	N2O5
	Dinitrogen pentoxide
	11,313
	346.933
	122.4940
	0.01018

	O
	Oxygen, monatomic
	249,553
	161.181
	21.2424
	-0.0002

	OH
	Hydroxyl
	39,520
	183.858
	28.0743
	0.00309

	O2
	Oxygen (ref.)
	0
	205.310
	30.5041
	0.00349

	O3
	Ozone
	142,880
	239.166
	43.3802
	0.00553

	S (g)
	Sulfur, gas
	279,391
	168.019
	22.4619
	-0.0004

	S (l)
	Sulfur, liquid
	1,425
	35.364
	28.5005
	0.00976

	S (s)
	Sulfur, solid (ref.)
	0
	31.970
	13.9890
	0.02191

	SO2
	Sulfur dioxide
	-297,269
	248.468
	45.8869
	0.00574

	SO3
	Sulfur trioxide
	-396,333
	256.990
	62.1135
	0.00877
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