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Thermophysics Characterization of Kerosene Combustion

Ten-See Wang¤

NASA Marshall Space Flight Center, Huntsville, Alabama 35812

A one-formula surrogate fuel formulation and its quasi-global combustion kinetics model are developed to sup-
port the design of injectors and thrust chambers of kerosene-fueled rocket engines. This surrogate fuel model
depicts a fuel blend that properly represents the general physical and chemical properties of kerosene. The accom-
panyinggaseous-phasethermodynamicsof the surrogate fuel is anchored with the heat of formationofkerosene and
veri� ed by comparinga series of one-dimensionalrocket thrust chambercalculations.The quasi-globalcombustion
kinetics model consists of several global steps for parent fuel decomposition, soot formation, and soot oxidation
and a detailed wet-CO mechanism to complete the combustion process. The � nal thermophysics formulations
are incorporated with a computational � uid dynamics model for prediction of the combustion ef� ciency of an
unielement, tripropellant combustor and the radiation of a kerosene-fueled thruster plume. The model predictions
agreed reasonably well with those of the tests.

Nomenclature
A = preexponential factor, (mol/cm3 )1 ¡ n K¡B /s
B = temperature power dependency
C p = heat capacity, cal/mol-K
D = diameter, cm
E = activation energy, cal/mol
H = enthalpy, cal/mol
K = forward rate constant, (mol/cm3 )1 ¡ n /s
n = order of reaction
P = pressure, atm
Q = radiative heat � ux, Btu/ft2-s
R = universal gas constant, cal/mol-K
S = entropy, cal/mol-K
T = temperature, K
® = species mass fraction
µ = view angle, deg
½ = density, g/cm3

Subscripts

c = combustion or chamber
f = formation
s = soot

Introduction

R USSIAN-BUILT kerosene-fueled rocket engines such as
RD-170 (Ref. 1) or its U.S. proposed counterparts such as

RD-704, Fastrac engine, and rocket-based combined-cycle hydro-
carbon engine have been identi� ed as potential candidates to � y the
single-stage-to-orbit reusable launch vehicles. To support the asso-
ciated engineering issues, speci� cally the preliminary conceptual
design and evaluationof the performanceof the injectorsand thrust
chambers using computational � uid dynamics (CFD), accurate and
computationally ef� cient models that properly represent the ther-
mophysics, namely, fuel formula, thermodynamics, and � nite-rate
combustion kinetics, have to be used. Unfortunately, models per-
taining to these aspects were underdeveloped.

In this study, based on reported thermophysical–chemical prop-
ertydata,a one-formulasurrogatefuel is proposedas a genericrepre-
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sentation for kerosene or its derived fuel, rocket propulsion (RP)-1.
The thermodynamics of the surrogate fuel such as heat capacity,
enthalpy, and entropy are generated, and the rationale for genera-
tion is given. Kerosene combustion kinetics is proposed based on
a quasi-global kinetics format, and the rationale for it, including
the speci� c reactionschosen, is also given. The � nal thermophysics
characterizationis implemented in a CFD model and benchmarked
on two rocket applications: the combustion ef� ciency of an exper-
imental tripropellant combustor and the radiation of a test rocket
plume.

One-Formula Surrogate Fuel Model
Common hydrocarbon rocket fuels such as kerosene or jet fuels

are derived from petroleum,whereas RP-1 is a straight run kerosene
fraction.2;3 These hydrocarbonfuels are complex mixtures of many
components, and their exact composition and properties vary from
batch to batch. Some information on these substances has been re-
portedin the literature.For example,it is reported4 thatkerosenetyp-
ically consists of 10 hydrocarbons containing 10–16 carbon atoms
per molecule, whereas the constituents include n-dodecane, alkyl
derivativesof benzene, and naphthaleneand its derivatives.Also, at
least 87 identi� able hydrocarbonsare reported in RP-1 (Ref. 5).

It is obvious that using all 87 identi� able hydrocarbons to rep-
resent RP-1, or even 10 species for kerosene would be highly in-
ef� cient in any kind of performance calculations. A surrogate fuel
model composed of a neat compound or several neat components
for kerosene-derived fuels has to be developed, while important
thermophysical properties such as the heat of combustion are re-
tained. Such a simpli� cation is necessaryfor computation-intensive
design calculations using complex fuels or blends. Conventionally,
elemental formulas such as CH1:9423 and its derived standardheat of
formationhavebeenused in one-dimensionaltheoreticalrocketper-
formance calculations6 for jet propulsion (JP)-4 and RP-1 powered
engines.However, elemental formulas have severe limitationswhen
design calculations other than one-dimensionalperformance is de-
sired, especially those using CFD codes where molecular fuel for-
mulas are preferred. In the past, several nonelemental one-formula
surrogate fuel models were proposed. For example, one-formula
models C10H19 (Ref. 7) and C12H23 (Ref. 4) were used to represent
kerosene,whereas C12H26 (Refs. 8 and 9) was used to replace RP-1.
The simplistic nature of those one-formula fuel models makes them
easy to use.However, those simple formulaspresentsubtleproblems
when used in performance calculations. For example, when com-
pared to the physical–chemicalpropertiesof keroseneand RP-1, the
molecularweight of C10H19 is too low, the H/C ratio of C12H23 is too
low, and the H/C ratio of C12H26 is too high. Furthermore, C12H26

(n-dodecane) is paraf� n whereas kerosene normally contains only
41% noncyclic hydrocarbons.
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Table 1 Comparison of thermophysical–chemical characterization of model fuel with reported data

Property Kerosene RP-1 Surrogate fuel

Molecular formula —— —— C12H24
Molecular weight 175 (Ref. 10) 172–175 (Ref. 2) 168
Elemental formula —— CH1:95–CH2:0 (Ref. 2) CH2:0

CH1:9423 (Ref. 6), CH1:953 (Ref. 10)
Formula weight —— 13.97–14.03 (Ref. 3), 13.97 (Ref. 6) 14.03
Hc , kcal/g ¡10.278 (Ref. 3) ¡10.241 (Ref. 2) ¡10.278

¡10:321 (Ref. 7) ¡10:356 (Ref. 6)
H f;298K , kcal/mole —— ¡5:430 (Ref. 6)/CH1:9423 ¡92:200/C12H24,

¡7:683/CH2:0
C p;516k;1atm cal/mole ¢ K —— 101 (Ref. 2) 103
Paraf� ns (n and iso) % —— 41 (Ref. 2) 41.7
Naphthenes, % —— 56 (Ref. 2) 58.3
Aromatics, % 5 (Ref. 3) 5 (Ref. 11), 3 (Ref. 2) 0
Ole� ns, % 1 (Ref. 3) 0 (Ref. 2) 0

Other than the elemental formula and one-formula fuel mod-
els, a more detailed modeling approach is the multiple-formula
models. For example, Farmer and Anderson5 used a three-formula
surrogate fuel model to represent RP-1, that is, 17.4% C13H12

(methylbiphenyl), 45.4% C12H24 (n-heptylcyclopentane), and
37.2%C12H28 (n-tridecane). With multiplemolecules, the physical–
chemical properties of kerosene or RP-1 may be matched better.
However, this approachoftencreatesextrachemicalspecies,thereby
slowing down the computation. After weighing the advantages and
disadvantagesof the one-formulaand multiple-formulaapproaches,
a one-formula surrogate fuel C12H24 is proposed as a generic rep-
resentation for kerosene or RP-1. Because only one parent fuel is
involved, there is computational ef� ciency. In addition, although
C12H24 takes the form of a one-formula surrogate fuel, it is mod-
eled (kinetically) as 41.7% paraf� n and 58.7% naphthene, match-
ing approximately the reported paraf� n/naphthene split2;3 of 41

56
.

In fact, C12H24 does not represent a certain molecule, but rather
a mixture of many neat components that have the same averaged
thermophysical–chemical characterization as that of the reported
kerosene/RP-1. Therefore,C12H24 has the advantagesof a multiple-
formula surrogate fuel without being represented as multiple fuels.
In summary, the (averaged) molecular weight, elemental formula
and formula weight, and the paraf� n/naphthene split of the surro-
gate fuel C12H24 match reasonablywell with those of kerosene and
RP-1 (see Table 1 and Refs. 2, 3, 6, 7, 10, and 11). The paraf� n-to-
naphthene split is an important factor to match in terms of accurate
soot prediction because soot forms much easier from naphthene
than from paraf� n. This point will be elaborated in the quasi-global
combustion kinetics section. Notice the small amount of aromat-
ics and ole� ns in kerosene and RP-1 lumped into the paraf� ns and
naphthenes of the surrogate fuel model.

Gaseous-Phase Surrogate Fuel
Thermodynamics Generation

An important thermodynamic property to be considered for the
surrogatefuel is the heat of formation if accurateheat release during
combustion is to be predicted. In general, the heat of formation can-
not be measured directly but must be determined indirectly from its
heat of combustion,which is measured calorimetrically.The heat of
formationfor the surrogatefuel is thereforedeterminedby matching
its heat of combustion with that of kerosene/RP-1. This is accom-
plished by writing a complete combustion reaction for C12H24:

C12H24 C 18O2 ! 12CO2 C 12H2O

The heat of reaction of this equation is the heat of combustion. By
de� nition, the net heat of combustion is obtained when the product
H2O is at its gaseous state. The heat of formation of the surrogate
fuel is written as

H f;C12H24 D 12H f;CO2 C 12H f;H2O ¡ Hc

The preceding equation underscores the importance of an appropri-
ate fuel model because the stoichiometryof the combustionreaction
determines the value of the molar heat of formation and eventually

Table 2 Thermodynamic coef� cients for C12H24

Coef� cient 1000–5000 K 300–1000 K

a1 0.36440206EC02 0.39508691EC01
a2 0.54614801E¡01 0.10207987EC00
a3 ¡0.16091151E¡04 0.13124466E¡04
a4 0.21478497E¡08 ¡0:76649284E¡07
a5 ¡0:10131180E¡12 0.34503763E¡10
a6 ¡0:63890109EC05 ¡0:52093574EC05
a7 ¡0:15798973EC03 0.21980951EC02

the amount of combustion products in the engine system. Several
reported standard heats of combustion are listed in Table 1. The
maximum difference among them is only 0.115 kcal/g and amounts
to about 1% of the heating value. These values are deemed as con-
sistent and are within the uncertaintybound of the measurement. A
midrange value of ¡10:278 kcal/g is chosen. As a result, a thermo-
dynamically consistent heat of formation of ¡92:200 kcal/mole is
derived for C12H24 , and a value of ¡7:683 kcal/mole is calculated
for its elemental form CH2:0 , as shown in Table 1.

The next step is to constructthe three thermodynamicfunctionsof
heat capacity, enthalpy, and entropy as functions of temperature in
a usable form. The standard fourth-order polynomial heat capacity
form6 is used:

C p=R D a1 C a2T C a3T 2 C a4T 3 C a5T 4

H=RT D a1 C .a2=2/T C .a3=3/T 2 C .a4=4/T 3

C .a5=5/T 4 C .a6=T /

S=R D a1 T C a2T C .a3=2/T 2 C .a4=3/T 3 C .a5=4/T 4 C a7

The enthalpy of the surrogate fuel is constructed using the heat ca-
pacitiesof n-dodecane,due to the closenessof n-dodecane(C12H26 )
with theC12H24family ofmoleculesin termsof carbonand hydrogen
atomic numbers and the notion4;5 that n-dodecane is a major com-
ponent in kerosene/RP-1. Notice the enthalpy (heat) of formation is
anchored with the thermodynamically consistent heat of combus-
tion of kerosene/RP-1. Hence, the generated heating curve is more
realistic than that of Ref. 4 in which the enthalpyof n-dodecanewas
used as a placeholder.The generatedheat capacity for the surrogate
fuel matches well with that of RP-1, as indicated in Table 1. The
entropy of formationof n-dodecaneis used to construct the entropy
curve for C12H24. The resulting least-square coef� cients � tted for
two temperature ranges are listed in Table 2.

Notice that the reported2 magnitude of the heat of vaporization
of kerosene (0.059 kcal/g at normal boiling point) is not only much
smaller than that of the heat of combustion, but is also less than
the error bound (0.115 kcal/g) (Refs. 2, 3, 6, and 7). In addition,
the latent heat decreases to zero at critical pressure because most of
the rocket enginesare operatedat higherpressures.These rationales
allow the gaseous-phasethermodynamicsto be curve � tted to 300K,
about 242 K lower than the normal boiling point (542 K) (Ref. 2)
of kerosene. Nevertheless, in actual calculations involving liquid
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kerosene fuel, the heat capacity and latent heat of vaporization of
liquid kerosene12 are used for the liquid-phase thermodynamics,as
shown in latter sectionsof this study.A continuousthermodynamics
model13 is an alternative for multicomponent droplet vaporization
calculations.

Surrogate Fuel Thermodynamics Validation
From a thermochemical consistency standpoint, the proposed

one-formula surrogate fuel and its thermodynamic coef� cients can
be validated by performing a series of one-dimensional theoretical
rocketengineperformancecalculations,byuse of the thrustchamber
speci� cations and operatingconditionsof a Russian engineRD-170
(Refs. 1 and 10). Figure 1 shows a comparisonof the calculatedthe-
oretical chamber and nozzle exit temperatures as a function of mix-
ture ratios for C12H24 and its elemental formula CH2:000 for the self-
consistency test. Notice the thermodynamic coef� cients are used
for C12H24 and the heat of formation is used for CH2:000 . The cal-
culated temperatures for C12H24 and CH2:000 coincide, as expected,
because their heat of formations are anchored with the chosen heat
of combustion at ¡10:278 kcal/g. Also shown in Fig. 1 are the re-
sults using elemental formula CH1:9423 with heats of formation of
¡5:430, ¡6:613, and ¡7:133 kcal/mole. These values correspond
to heats of combustion of ¡10.356 (Ref. 6), ¡10.278 (Ref. 3), and
¡10:241 (Ref. 2) kcal/g, respectively. The difference among the
curves is small because the difference in heats of combustion is
small, especially in the fuel lean region. When the temperaturepro-
� les are comparedat the same heat of combustion(¡10:278 kcal/g),
the minor differencebetween CH2 and CH1:9423 curves is the result
of their difference in H/C ratios.

Figure 2 shows the predicted theoretical nozzle exit gas compo-
sition. Again, the speciesmole fractions resulted from using C12H24

Fig. 1 Comparison of the RD-170 chamber and nozzle exit tempera-
tures.

Fig. 2 RD-170 nozzle exit gas composition.

coincide with those of CH2:000 . Graphite carbon Cs and methane
gas form at low mixture ratios due to fuel-rich combustion at low
temperatures,as expected.These results showthat theproposedone-
formula surrogate fuel model is suitable for one-dimensional the-
oretical rocket performance calculations and is thermodynamically
consistent.However, note that the system type of calculationsoften
overpredicts the performance, especially for heavy hydrocarbon-
fueledengines.This is becauseperformanceimpactingthermophys-
ical processessuch as the � nite-rate chemistry, ignitiondelay times,
and vaporizationare not considered.In addition,other performance
impacting and design particular physical processes such as mixing,
shock losses, geometry losses, � lm cooling, and boundary-layer
losses are also not included.

Quasi-Global Finite-Rate Combustion Kinetics
Kerosene Decomposition and Wet-CO Mechanism

Detailed kinetics mechanism involving elementary steps for par-
ent fuel decomposition is computationallyprohibitive for consider-
ing kerosene/RP-1 combustion in CFD calculations. On the other
hand, one-step4 and multiple-stepglobalkineticsmodels14 are com-
putationally ef� cient, but frequently overpredict the � ame temper-
ature, or are not generic enough to take advantage of the modern
diagnostic techniques. For example, hydroxyl radical (OH) is usu-
ally not involved in those models and so laser-induced� uorescence
imaging of the OH-radical � ame structure data15 cannot be utilized.
The quasi-globalkinetics that combines several global steps with a
detailed wet-CO mechanism is probably best suited for describing
complex fuel combustion in a computationally intensive environ-
ment. The original quasi-globalkinetics16 was establishedbased on
the observation that straight-chain hydrocarbonsand cyclic hydro-
carbons have distinctivelydifferent ignition delay time characteris-
tics and that the ignitiondelay times for straight-chainhydrocarbons
are similar and so are those for cyclic hydrocarbons. That impor-
tant observation led to the developmentof the original quasi-global
kinetics model in which two irreversible global steps are used to
describe the decompositionsof the straight-chainhydrocarbonsand
the cyclichydrocarbons,respectively,and a detailedwet-COmecha-
nism converts the intermediates into the � nal combustion products.
In the quasi-global kinetics format, OH radical is not only con-
sidered (in the wet-CO mechanism), but plays a vital role in the
accurate prediction of the heat release. The original quasi-global
kinetics scheme16 was evaluated with a variety of simpli� ed � ow
con� gurations, including the stirred reactors, plug � ow reactors,
and turbulentdiffusion � ames. It was later expanded to an extended
quasi-global kinetics model17;18 in which two more intermediate
species and several more global kinetic steps are added to better
describe the fuel-rich combustion. In this study, under the premises
of computational ef� ciency and the framework of one-formula sur-
rogate fuel model, the original quasi-global kinetics format is con-
sidered. Following that format, two global steps are proposed: one
for the paraf� n portionand another for the naphthenepart of the sur-
rogate fuel. The rates of the two global steps are modi� ed directly
from those of the straight-chainand cyclic global steps16 according
to the paraf� n and naphthene split in the proposed surrogate fuel
(C12H24), thereby satisfying the ignitiondelay times requirementof
the original quasi-global kinetics model. The proposed kerosene
global steps and the existing CO-wet mechanism are shown in
Table 3. The standard form in the fourth column of Table 3 means
the species concentration terms in the rate expression follows the
stoichiometry of the reaction. The forward reaction rate constant is
expressed in the standard Arrhenius form. The backward reaction
rate of the reversible reaction is calculated from its forward rate and
the equilibrium constant.

Soot Formation

Under fuel-rich conditions, kerosene/RP-1 forms soot read-
ily. This is because naphthene and aromatic hydrocarbons form
soot rapidly (condensation–polymerization) by directly condens-
ing themselves into polycyclic aromatic hydrocarbons (PAH), also
known as the soot precursors. On the other hand, paraf� ns form
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Table 3 Kerosene/RP-1 quasi-global combustion kinetics mechanism

Reactiona A B E=R Form Ref.

Paraf�n global step
C12H24 C 6O2 ! 12CO C 12H2 3.888E4 1 1.220E4 p0:3[C12H24]0:5[O2] This work

Naphthene global step
C12H24 C 6O2 ! 12CO C 12H2 2.312E7 1 1.965E4 p0:3[C12H24]0:5[O2] This work

Wet-CO mechanism
H2 C O2 D OH C OH 1.700E13 0 2.407E4 Standard 16,17
OH C H2 D H2O C H 2.190E13 0 2.590E3 Standard 16,17
OH C OH D O C H20 6.023E12 0 5.500E2 Standard 16,17
O C H2 D H C OH 1.800E10 1.0 4.480E3 Standard 16,17
H C O2 D O C OH 1.220E17 ¡0:91 8.369E3 Standard 16,17
M C O C H D OH C M 1.000E16 0 0 Standard 16,17
M C O C O D O2 C M 2.550E18 ¡1:0 5.939E4 Standard 16,17
M C H C H D H2 C M 5.000E15 0 0 Standard 16,17
M C H C OH D H2O C M 8.400E21 ¡2:0 0 Standard 16,17
CO C OH D H C CO2 4.000E12 0 4.030E3 Standard 16,17
CO C O2 D CO2 C O 3.000E12 0 2.500E4 Standard 16,17
CO C O C M D CO2 C M 6.000E13 0 0 Standard 16,17

Soot formation global step
C12H24 ! 12Cs C 12H2 4.4947E15 ¡1:94 1.610E4 [C12H24]1:81[O2]¡0:5 This work

Heterogeneous soot oxidation
Cs C 0:5O2 !CO 1.0 0. 0. 72Rox[Cs]=.½s Ds) This work
Rox D KA pO2Â=.1 C KZ pO2/ —— —— —— 23

CKB pO2.1 ¡ Â/
Â D 1=[1 C .KT =KB /pO2]

KA 2.0000E1 0 1.5098E4 —— ——
KB 4.4600E¡3 0 7.6497E3 —— ——
KT 1.5100E5 0 4.8817E4 —— ——
KZ 2.1300E1 0 ¡2:063E3 —— ——

Homogeneous soot oxidation
Cs C OH D CO C H 1.2200E9 0.5 0 Standard This work

aM is third-body collision partner and K D AT B exp.¡E=RT /.

soot slowly. This is because paraf� ns have to be broken up into
smaller fragments � rst, from which fusing of the fragments occurs
to formnaphthenesandaromatics,andPAHs formeventuallyand in-
directly (fragmentation–polymerization).19;20 These PAHs then un-
dergo a series of physical processes to form coagulated soot parti-
cles. Frenklach et al.21 developed a comprehensive soot formation
mechanism in which 180 species and 619 elementary reactions are
used in an attempt to describe the aforementioned soot formation
processes. However, at the present moment, it is far too expensive
to be incorporatedinto a CFD code while the oxidation of those 180
specieswas not even considered.It is anticipated that the number of
species and elementary reactions will be more than doubled if the
oxidationof those 180 intermediatespecies is attempted.Nickerson
and Johnson9 abridged the Frenklach et al.21 model to 19 reactions.
However, their model9 completely ignores the fast condensation–

polymerizationprocess, and a soot formation mechanism of 19 re-
actions is still of considerable size. A global step that makes soot
directly from C12H24 is used instead, as shown in Table 3. For con-
venience, pseudo-gasgraphite carbon Cs is used to represent soot.

The formulation of the soot formation global step follows that
of a previous study22 where the soot formation is assumed to be a
function of temperature and oxygen and soot building block con-
centrations. The soot building block was taken to be acetylene,20

expressed as C2 hydrocarbons. The global rates were determined
by direct comparison of the quasi-global model (with soot forma-
tion global step and heterogeneoussoot oxidation step) predictions,
using Exxon jet-stirred combustor data22 for neat fuels toluene and
iso–octane. The effect of species radiation was measured as a heat
loss and included in the jet-stirred combustor modeling. Notice the
equivalentnumber of C2 hydrocarbonsfor neat fuel toluene is three
and one-half, whereas that for iso–octane is � ve. In this study, the
equivalent number of C2 hydrocarbons for surrogate fuel C12H24 is
six. The preexponentialfactor is therebyadjustedslightly to account
for the effect of increase in equivalent number of C2 hydrocarbons.

Exxon’s jet-stirred combustor data22 for neat fuels, with which
the soot formation global step was established, indicated signi� -

cant soot emissions from toluene combustion and negligible soot
emissions from iso–octane combustion. The fuel concentration in
the soot formation step is, therefore, essentially all cyclic hydrocar-
bons. This is reasonable because the condensation–polymerization
ismuch fasterandgreaterthan thatof fragmentation–polymerization
as soot formation mechanism. This model was further tested with
jet-stirredcombustordata17 usingtolueneand iso–octanefuelblends
(78.5/12.5 and 62.5/37.5) and the model-predicted soot emissions
agreed very well with those of the data. Hence, it can be reasonably
assumed that the effects of both routes are lumped into the global
step until new data are available.

Jet-stirred combustor data characterizes the accuracy of the heat
release and post� ame species concentrations of the kinetics mech-
anism. The generality of the quasi-globalkinetics model was tested
by consideringother experimentscharacterizingdifferent aspectsof
the combustion mechanism. Initiation processes, as measured with
shock-tube experiments, were considered as a severe test of the
model that was developed with jet-stirred combustor data that are
controlled primarily by recombination reactions that occur during
the latter stages of combustion. Model predictions were compared
with shock tube and � ow reactor ignition delay times data.17 The
agreements were excellent for both toluene and iso–octane neat fu-
els. Another severe test for the model is the stability behavior, as
measured with jet-stirred combustor blowoff limits, which is con-
trolled by the � ow residence time. Model predictions were com-
pared with jet-stirred combustor loading parameter data.17 Again,
the comparisons were excellent.

Heterogeneous Soot Oxidation

The rates of carbon oxidation were � rst measured and � tted with
a heterogeneous reaction model involving three elementary steps
and two active carbon sites to form CO (Ref. 23). These rates were
adopted by several investigatorsas the rates for heterogeneoussoot
oxidation.For example, earlier studies17;22 used a one-stepequation
that oxidizes soot with molecular oxygen to form CO2 , whereas
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the reaction rates are those of Ref. 23, but the rate expression was
modi� ed slightly. In 1995, Hier24 reported that Roth et al.25 and
Olander et al.26 independently con� rmed that the reaction forming
CO is much more likely than that forming CO2. Roth et al.25used
laser absorption to con� rm the presence of CO and the absence of
CO2 , whereas Olander et al.26 used mass spectrometryto determine
that the reaction forming CO was at least two orders of magnitude
more probable than that forming CO2 . Based on those assertions,
this study simpli� es the three-step reactions23 to a one-step global
kinetics forming CO, while maintaining the original rates and the
heterogeneousrate expressionform,22 as shown in Table 3. Notice a
nominal sootdensityof 2 g/cm3 anda nominalsoot particlediameter
of 250 £ 10¡8 cm are used in the rate expression.

Homogeneous Soot Oxidation

Not only is the OH radicalan important controllingspecies of the
heat release in combustion processes, as noted by one of the major
premises of the quasi-globalkinetics, but there is also evidence that
OH dependent oxidation of the soot needs to be considered under
many � ame conditions, especially in hydrocarbon fueled exhaust
plumes.27;28 The OH-dependent homogeneous soot oxidation reac-
tion from Slack et al.27 is, therefore, included in the present kinetics
model, as shown in Table 3. Notice this reaction is endothermic,
whereas the heterogeneous soot oxidation reaction is exothermic.
Also, instead of the irreversible reaction in its original form,27 a
reversible reaction is used because it produces better results with
the followingvalidation cases. Finally, all of the chemical reactions
are solved simultaneouslyand coupled with the transport equations
during design calculations. That is, different reaction or reactions
may take precedence over others at various stages of the combus-
tion processes or under various � ow and thermal environments.For
example, it is found in the followingbenchmarkstudies that the ho-
mogeneous soot oxidation is invoked mostly in the exhaust plume
regime.

Application to Kerosene-Fueled Thrust Chambers
Pennsylvania State University (PSU) Tripropellant Combustor

The maximum combustion chamber pressure achievable is usu-
ally associated with the combustion ef� ciency. The proposed ther-
mophysics model is incorporated with a CFD code, FDNS,29;30 to
compute the chamberpressureof an unielementshear triaxial tripro-
pellant combustor.31 The test rig is comprised of several sections,
includingan injector assembly, igniter,window, blank sections, and
a nozzle assembly. Liquid RP-1 (LRP) is introduced through the
central post of the triaxial tri-propellant injector and swirled using
a tangential swirl nut, whereas gaseous H2 (GH2) and gaseous O2

(GO2) are injected through the � rst and second (outer) annuluses,
respectively. Details of the injector and the thrust chamber setup
may be found in Refs. 15 and 31, whereas the chamber operating
conditions used for model validation may be found in Ref. 31.

FDNS is a multidimensional, multispecies, viscous � ow, and
pressure-based reacting � ow solver. It was developed at Marshall
Space Flight Center (MSFC) and is continuously being improved
by MSFC personnel and its supporting contractors. When the pro-
posed thermophysics formulation of kerosene combustion are in-
corporated and validated with a � ow solver like FDNS, realistic
performance computations can be performed to support the design
of kerosene-fueled injectors and thrust chambers, rather than rely-
ing on one-dimensional type of system performance calculations.
FDNS solves simultaneous liquid droplets–gasdynamics by com-
bining the volume-of-�uid (VOF) and Eulerian/Lagrangiantracking
methods into a uni� ed algorithm for ef� cient calculation of multi-
phase � ows at all speeds. The gas–liquid interface mass, momen-
tum, and energy conservationpropertiesare modeled by continuum
surface mechanisms. Details of the solution procedure for liquid
droplets–gas governingequations may be found in Refs. 30 and 32.
In the VOF formulation, the weight-averaged conservation equa-
tions of mass, momentum, and scalar variables are formulated in an
Eulerian framework.Current formulationconsidersthe vaporization
of liquid droplets into gases, but not the direct vaporizationof liquid

jet core into gases. An empirical mass strippingrate is applied to the
VOF equation along the liquid–gas interface for liquid intact core
resolution. The stripped liquid mass undergoes secondary breakup
process to form smaller droplets. The Lagrangian particle track-
ing method is used to treat the dynamics and heat/mass transfer of
dropletsas statisticalcomputationalparcels.Energy and momentum
are solved for each parcel for every species, and relative enthalpy is
the dependentvariable for the droplet energy equation.For simplic-
ity, parcel temperature is assumed to be constant at any time instant,
but varies throughout its life expectancy via local heat transfer at
the surface and vaporization. The heat capacity and latent heat of
vaporization for liquid droplets are taken from Ref. 12.

An axisymmetric thrust chamber is formulated, and the compu-
tational domain covers the entire thrust chamber. As such, there is
no ambiguity in the exit � ow boundary condition once the throat
� ow is choked. For comparison purpose, a gaseous RP-1 (GRP)/
GH2/GO2 injector� ow� eld is computed� rst. After its convergence,
the GRP � ow inlet is then replaced with the LRP � ow inlet, and an
LRP/GH2/GO2 injector � ow� eld computation is begun. To start the
calculation,a cold-� ow thruster � ow� eld is computed � rst until the
nozzle � ow at the end of the combustor choked. The propellants in
the mixing layers are then ignited by temporarily imposing a hot
spot with an elevated temperature (1000 K) in the � ow� eld. Once
ignited, the � ame propagates upstream and spreads downstream,
where the location or the added energy of the temporary hot spot
doesnot in� uencethe � nal solution.Becauseof thebackward-facing
step formation created by the injector faceplate and the sidewall, a
� ow recirculation forms to serve as a � ame holder. A � xed mass
� ow rate boundary condition is imposed at the � ow inlet, and the
inlet total enthalpy is conserved. The � ow properties at the nozzle
exit plane are extrapolated from those of the interior.

Figure 3 shows the computed scalar contours for the unielement
GRP/GH2/GO2 injector/combustor.Because the LRP jet is replaced
with the GRP jet, there are no ®LRP contours. The � rst three scalar
contoursare those of the reactantsGRP, GH2, and GO2. The mixing
layers among GRP, GH2 , and GO2 can be seen from those three con-
tours. The pressure contours show a nearly constantpressure inside
the combustion chamber, which is expected because the propellant

Fig. 3 Computed scalar contours for a unielement GRP/GH2/GO2 in-
jector/combustor: ®LRP , 0–1; ®GRP, 0–1; ®H2, 0–1; ®O2, 0–1; P, 4.7–

34.2; ®OH , 0–0.12; ®H2O , 0–0.87; ®CO2 , 0–0.39; ®Cs, 0–0.17; and T,
251–3528.
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Fig. 4 Computed scalar contours for a unielement LRP/GH2/GO2 in-
jector/combustor: ®LRP , 0–1; ®GRP, 0–1; ®H2, 0–1; ®O2 , 0–1; P, 4.7–

34.2; ®OH , 0–0.12; ®H2O , 0–0.87; ®CO2 , 0–0.39; ®Cs, 0–0.17; and T,
251–3528.

jet speeds are subsonic.The next three contours show the mass frac-
tions of the three major combustion products: OH, H2O, and CO2.
The high-concentration regions represent the � ame front. Follow-
ing those three scalar contours are the Cs mass fraction contours in
which the incipient soot formation starts at the initial mixing layer.
Most of the soot in the � ame zone and nozzle is burned off by the
heterogeneous and homogeneous oxidation reactions. Then there
are the temperaturecontours, and again the high temperature region
represents the � ame front. The close association of high OH con-
centrationwith high temperatureemphasizes the importanceof OH
in initiating and sustaining the combustion.

Figure 4 shows the computed scalar contours for the unielement
LRP/GH2/GO2 thrust chamber. The � rst contours show the LRP jet
core and the subsequent trajectories and sizes of the droplets strip-
ping from the liquid jet. It can be seen that the droplets striped off
from the liquid jet core move downstream along the centerline for
a short distance. The droplets then expand along with the gaseous
jet. None of the droplets appears to survive past the � ame front and
a short distance into the convergent section. Most of the surviv-
ing droplets appear near the � ame front and inside the GRP core,
while a small amount of bigger droplets appears close to the center-
line and creates an appearance of a hole near the centerline of the
spray. The hole phenomenon can be traced to the swirling motion
of the LRP jet, through a tangential swirl nut situated upstream of
the injector.31 Secondary reasons include the droplet stripping and
breakup mechanism. For example, it is known from test observa-
tions that bigger dropletsoften appear near the centerline.The mass
strippingmodel, therefore,assumes a droplet size distributionalong
the liquid jet core surface with the biggest droplet stripped from the
tip. Because the stripping rate is assumed to be uniform along the
jet core surface, the droplet number density is a minimum at the tip.
Notice the swirling smaller droplets expand laterally easier with the
expanding gas and are heated up sooner. That leads to a lower sur-
face tension because of a higher droplet temperature. That in turn
leads to a higher Weber number and a higher secondary breakup
rate. The result is an appearance of more droplets away from the
centerline.On the other hand, the bigger droplets stripped off from
the tip of the jet core that move along the centerline are bathed in

Table 4 Comparison of chamber pressures

Model and test Pc , atm

Test data 34.2
GRP/GH2 /GO2 35.8
LRP/GH2/GO2 33.5

a colder gas core with less chance of secondary breakup, thereby
the appearanceof fewer droplets. In addition, any droplet trajectory
that falls a small distance near the centerline is re� ected off due to
the symmetry boundary condition. Hence, although the effects of
the droplet entering the centerline cells, such as drag force and heat
transfer, are retained, the new location of the re� ected droplet is off
centerline, which again leads to an appearance of fewer droplets.
Note that the initial angle of the droplets stripping off along the
liquid jet core surface is randomly selected.

The rest of the scalar contours resemble those of Fig. 3 qualita-
tively, with some differences caused by the modeling of the liquid
jet and droplets. For example, the length of the GRP jet in Fig. 4
appears to be longer than that in Fig. 3, due to the added delay
of atomization and vaporizationprocesses.The overall temperature
in Fig. 4 appears lower than that in Fig. 3, possibly caused by the
latent heat loss of vaporizing liquid droplets. As such, the com-
puted chamber pressure of the LRP/GH2/GO2 thruster is slightly
lower than that of the GRP/GH2/GO2 thruster. Again, the chamber
pressure is nearly constant. In addition, the overall computed soot
concentrationappears to be lower in the LRP/GH2/GO2 thruster.

Table 4 shows the comparison of computed chamber pressures
with that of the test. It can be seen that the computed chamber
pressures from both models compare reasonably well with that of
the measurement, although it is anticipated that the GRP/GH2/GO2

model-predictedchamber pressurewould be slightlyhigher. On the
other hand, the demand for computational resources is higher, and
empiricalvalues for such parametersas the strippingrate and droplet
size distribution have to be determined for the multiphase � ow
solution.

Because the latent heat decreases as chamber pressure increases,
it is postulatedthat the states of liquidand gas may be indistinguish-
able under high-pressure rocket chamber environments. That pos-
tulation seems to agree with an experimental observation,33 a faster
rate of gasi� cation is associated with elevated chamber pressures,
of the combustion time for an RP-1 droplet. As such, the solution
from the gaseous-phase model is probably as good as that of the
multiphase � ow model, but with a lesser demand for computational
resources. The reasonable agreement of the chamber pressures in
Table 4 is, therefore,attributed to the proposed thermophysicschar-
acterization rather than the choice of a single-phase or a multiple-
phase � ow option.

NASA MSFC 40,000-lb Thruster Plume Radiation

The proposed thermophysicsmodel is also incorporatedwith the
FDNS code for computing and comparing the predicted radiative
heat � uxes with those of a test for kerosene-fueledthruster plume.
The radiometers of the test are located downstream of the thruster
exit plane and the lines of sight are perpendicularto the plume cen-
terline. Figure 5 shows typical computed scalar contours for tem-
perature, CO2 , H2O, and Cs mass fractions. The four vertical lines
across the plume indicate the lines of sight of the radiation mea-
surement where the � rst vertical line from the nozzle exit plane
is designated as the line of sight of radiometer R1, and so on.
The line of sight of radiometer R2 is closest to the computed plume
Mach disk. The � ow model is an axisymmetric formulation,and the
computational domain is � ve times longer than shown to include
enough plumes for the wide-angle radiation calculations. Details
of injection layout in the combustor such as the multiple fuel and
oxidizer injection ports, a central fuel jet, and a wall � lm coolant
jet are included in the computation. The scalar contours in Fig. 5
show striations of these jets converging near the throat, expanding
in the nozzle and thrusting into the atmosphere. The interaction of
the exhaust plume with the initially quiescent air creates an eddy-
like mixing layer in which the remaining reactantsafterburn.This is
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Fig. 5 Computed scalar contours for a kerosene fueled thruster and
plume: T, 93–3045; ®CO2, 0–0.5; ®H2O , 0–0.3; and ®Cs, 0–0.3.

shown in the plume–air mixing region of the temperature contours
in Fig. 5. The � lm coolantessentiallyforms a protective,sooty layer
along the thrusterwall and mixes into the free shear layer, as shown
in the Cs contours. Also shown in the Cs contours is a central soot
core resulting from the central fuel jet injection. The triple shocks
(lip shock, Mach disk, and re� ect shock) are clearly seen in the
temperature contours. Overall, the computed thermo� ow� eld ap-
pears to be reasonable. These scalar contours are plotted because
CO2 , H2O, and Cs are major radiators of a kerosene-fueledthruster
plume. The local concentrationsof these radiators and temperature
decide the strength of the radiation.

Parametric studies are performed to study the effect of homo-
geneous soot oxidation on the radiation signals. Table 5 shows
the comparison of computed plume radiation with that of the test.
The plume radiation is computedwith a GASRAD radiation code34

with which extensive benchmarks for rocket plumes have been per-
formed.The radiationmodel is a statisticalbandmodel for exponen-
tial line strength distribution with Lorentz/Doppler line shapes for
gaseous species and an approximate treatment of carbon particles.
Detailsof theGASRAD radiationformulationsmay be foundin Ref.

Table 5 Comparison of computed plume radiation with
that of the test

Model and test R1 R2 R3 R4

µ 4 180 4 5.5
Q, test data 10–12 5.4–6.0 75–95 >70
Q, without soot oxidation 120.7 2.9 55.7 34.0
Q, irreversible soot oxidation 8.4 1.9 26.5 25.4
Q, reversible soot oxidation 14.1 5.4 131.9 117.3

34. Note that the hot � ring of a rocket thruster is transient in nature
and that the radiation signals are taken when the chamber pressure
reaches an approximate constant. As a result, the plume boundary
layer is unsteady, and the usefulness of the radiation measurement
often depends on the view angle of the radiometer. Among the four
radiometers, only radiometer R2 has a wide-angle view (180 deg)
and is least likely to be in� uenced by the unsteady motion of the
free shear layer. On the other hand, the measurements from other
three radiometers are of the narrow-angle category and, therefore,
are susceptible to the unsteady plume motion. Note from posttest
examination that there was some shrinkage of the throat due to
soot accumulation, resulting in some slight drifting of the chamber
pressure.

From Table 5, the thermophysics model using the reversible ho-
mogeneous soot oxidation reaction produces the best comparison
with the wide-angle data and reasonable comparison with those of
the narrow-anglemeasurements (two out of three). The overpredic-
tion at R3 is attributed to the combination of the narrow view angle
and the unsteadiness of the free shear layer. On the other hand,
when the original irreversible form of the homogeneoussoot oxida-
tion reaction is used, soot burns off quickly, and all of the radiations
are underpredicted. Without the homogeneous soot oxidation, the
model overpredicts at radiometer R1, whereas it underpredicts at
radiometers R2 , R3 , and R4 . The reversible homogeneous soot oxi-
dation reaction is, therefore, selected.

In summary, the proposed thermophysics characterization of
kerosene combustion is demonstrated with two rocket engine ap-
plications. The combustion physics covered in the combustion
ef� ciency benchmark of the PSU tripropellant combustor include
initiation, � ame propagation, heat release, � ame holding, mixing,
multiphase � ow, and droplet vaporization; the combustion physics
covered in the NASA MSFC 40,000-lb thruster plume radiation
benchmark includeair entrainment,mixing, afterburning,radiation,
and shock formation. However, note that as the computer storage
and speed increase with the advances in computational technology,
alternative approaches aiming toward more detailed schemes may
be devised. In addition, caution should be made when applying the
proposed models beyond its range of validity. Nevertheless, this
study offers an anchored and cost-effective model for incorpora-
tion with standard CFD codes for design calculations.The rationale
given providesa systematic approachfor model improvementwhen
new data are available.

Conclusions
A thermophysics characterizationof kerosene combustion is de-

veloped for incorporation with advanced CFD methodologies for
kerosene-fueled rocket engine design calculations. The computa-
tionalef� cientmodel consistsof a surrogatefuelmodel representing
kerosene/RP-1 fuels, a thermodynamics model anchored with the
heat of combustion, and a quasi-global kinetics model describing
the combustion processes, including the soot formation and oxida-
tion reactions.The rationaleof the modeling approach is given. The
benchmark results indicate that the proposed thermophysics model
can be used to support the kerosene-fueled thrust chamber design
applications and plume de� nitions.
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