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This study concerns the cryogenic hydrogen combustion in subcritical pressure conditions,
with practical relevance to rocket engine applications. A cryogenic two-phase flame in the
counterflow configuration is calculated and analyzed with the consideration of real-fluid
effects and heat/mass transfer across the liquid-gas interface. The effects of pressure,
strain rate, fuel inlet temperature, and heat loss on the flame characteristic behaviors are
examined. It is found that the vaporization rate of liquid oxidizer scales with the square-
root of pressure (p) times strain rate (as), and is not a limiting factor for combustion. The
total heat release scales with ,/pay at lower strain rates while with p*5a}/® at higher strain
rates. The significant results on the phase-stability of cryogenic flame are also established.
It is found that the unstable phase, in terms of vapor-liquid equilibrium, arises in the vi-
cinity of the liquid-gas interface; however, all unstable-phase states still stay in the
metastable region of the phase diagram. For all the flame solutions considered in this
study, no thermochemical state enters the spinodal region.
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Introduction

Modern high-lift rockets [1] mostly rely on liquid-fueled rocket
engines to provide thrust. Hydrogen as a high energy-density
fuel has been widely adopted in the liquid-fueled rocket pro-
pulsion technology. In the liquid rocket, fuel and oxygen are
carried in the liquid phase under cryogenic conditions. Cryo-
genic fuel and oxidizer mix and react in the combustion
chamber, converting the chemical energy to thermal energy.
This process is commonly referred to as cryogenic combus-
tion. Depending on the chamber pressure, either subcritical or
supercritical, previous research shows that the cryogenic
combustion process exhibits distinct characteristics. At
subcritical pressure, the mixing and reaction are controlled by
the two-phase effects involving a series of complex physical
processes, such as the liquid breakup, droplet formulation,
and spray flame [2,3]. On the other hand, at supercritical
pressure, the repulsive inter-molecular forces become domi-
nant and the surface tension vanishes. It is observed that the
mixing between fuel and oxidizer is more like turbulent
mixing and the flame exhibits similar behaviors to gaseous
flame, although the real-fluid effects, such as the existence of
dense core [4] and peculiar transport properties [5], remain
considerably important.

Over the years cryogenic combustion at supercritical
pressures (which we will call “supercritical combustion” in the
present context) has been studied extensively, and several
critical understandings have been established in the litera-
ture. Through the studies in modeled configuration [6—8], it is
found that the real-fluid effects of supercritical combustion
are mainly pronounced near the cold oxidizer inlet. A char-
acteristic scaling is discovered: both the flame thickness and
heat release are correlated with the square root of strain rate
multiplied with pressure (a slightly different scaling obtained
by Huo et al. [7]). Despite the real-fluid effects on the oxidizer
inlet, most of the flame region is close to the chemical equi-
librium. To this end, Lacaze and Oefelein [9] assessed the
suitability of the flamelet model for supercritical combustion,
and they found that even with the complex thermodynamic
relation and peculiar transport properties, the flamelet model
remains a reasonable and robust representation of supercrit-
ical flame in diffusion-flame regime [10]. Besides, other
flamelet-based modeling efforts were also carried out,
including those addressing the thermodynamic aspect [11],
differential diffusion effects [12], and phase-stability issue
[13,14]. Since the flamelet model has been established as an
effective modeling tool for supercritical combustion, it has
been integrated into the CFD solver for simulating supercrit-
ical combustion in both RANS [15-18] and LES [19-24]
frameworks.

In contrast to the large volume of literature on supercritical
combustion, the number of studies focusing on the cryogenic
combustion in subcritical pressure is limited. This is due to
the fact that detailed analysis that accounts for the coupled
effects of two-phase flow, heat/mass transfer (evaporation)
and real-fluid thermochemistry can hardly be conducted.
Therefore, the current understandings of the cryogenic com-
bustion in subcritical pressure are gained through experi-
mental efforts [25—31]. The general behavior of cryogenic

flame in the subcritical regime is illustrated in Fig. 1. Experi-
mental observations confirmed that the flame anchors on the
injector tip. A thin flame brush is situated stably in the shear
layer between the fuel and oxidizer streams, which is the
major flame characteristic in the upstream/near-injector re-
gion. On the other hand, in the downstream region, the liquid
jet breaks gradually into ligaments and then droplets, in
which form the liquid oxidizer vaporizes into the gas phase
before participating in the chemical reaction. The flame in the
downstream region is characterized as a spray flame.

In this study, of our specific interest is the flame situated in
the shear layer between fuel and oxidizer streams at the
upstream/near-injector region, since its characteristics are
crucial to the flame stabilization [28,30] and flame dynamics
under thermoacoustic oscillation [32]. This peculiar stable-
burning flame in the two-phase environment is facilitated
by two factors. First, the high flame temperature and signifi-
cant temperature gradient allow the rapid vaporization of the
oxidizer so that a sufficient amount of oxidizer is released into
the gas phase for reaction, which is evidenced by the very
smooth surface of the liquid jet [29]. Second, the dense core of
the liquid jet serves as a hydrodynamic stabilizer so that the
flame is not significantly disrupted by strong turbulence or
flow unsteadiness. Another remarkable aspect is that this
flame configuration is similar to the counterflow configuration
[33] but with an oxidizer stream in the liquid phase. This
similarity provides us an avenue to study such a complex
cryogenic two-phase flame under reasonable assumptions.
Given the relevance and importance of cryogenic combustion
to rocket propulsion, we performed a detailed computational
analysis in this study to characterize a cryogenic two-phase
LO,/LH, flame in a counterflow setting, thereby shedding
some light on the cryogenic combustion process in realistic
rocket applications.

It is worth noting that Juniper et al. [34] previously carried
out a study on a hydrogen counterflow diffusion flame above
liquid oxygen, which has a configuration similar to the target
one. However, the real-fluid effects, including non-ideal
thermodynamics and particular transport properties, are not
considered, and the pressure range examined in their work is
too limited to reveal a robust scaling. Meanwhile, some pre-
vious studies with the focus of supercritical combustion, i.e.,
by Ribert et al. [6] and Huo et al. [7], also extended the analyses
to the subcritical regime, but their monolithic single-phase
formulation does not account for the phase interface and
mass/heat transfer across it, which therefore is not suited for
two-phase problems. Our computational analysis will address
the above limitations by considering both the real-fluid and
two-phase effects in the mathematical formulation.

In the present study, we will extend the study of Juniper
et al. [34] and carry out a comprehensive analysis of the two-
phase cryogenic diffusion flame in a counterflow configura-
tion, with the consideration of complex real-fluid effects and
two-phase mass/transfer effect. The objective of this study is
threefold: first, we examine the flame structure and the flame
behaviors in response to variations of key parameters. Sec-
ond, we establish the scaling dependence of heat release,
flame thickness, and flame-interface distance on the con-
trolling parameters. Finally, we perform a single-phase sta-
bility analysis to check whether the thermochemical states in
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Fig. 1 — Schematic illustration of cryogenic flame in subcritical pressure (similar to the graphic illustrations in Refs. [25—-28]).
Note that in general fuel is preheated to gas before entering the combustor.

the combustion field satisfy the phase equilibrium. The last
aspect concerns the basic assumption of our model formula-
tion and is also a continued effort of several recent studies on
the phase-stability of cryogenic flames [14,35—37].

The rest of this paper is structured as follows. We first state
the problem of interest in Section 2, including the flame
configuration and the specific operating conditions. Section 3
outlines the mathematical formulation of the combustion
problem. In Section 4, an extensive analysis of flame structure
and effects of key operating parameters will be carried out,
based on which the scaling of flame characteristics with
respect to pressure, strain rate, and heat loss will be pre-
sented. Section 5 concerns the phase stability of the com-
bustion field, of direct relevance to the validity and robustness
of the numerical solutions obtained in the computational
analysis. The paper will be concluded by summarizing the key
findings in Section 6.

Problem description and flame configuration

The flame configuration and the corresponding model prob-
lem are schematically shown in Fig. 2. As elucidated in the
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introduction, the cryogenic flame in the shear layer can be
modeled as a two-phase counterflow flame, by setting up an
interface-local reference coordinate which is traversing along
the interface extension direction. In this reference frame, the
liquid tangential velocity is negligible and thereby we treat the
liquid as a plug flow along the interface normal direction. The
liquid substance is considered to be single-component, pure
oxygen and other chemical components do not diffusive into
the liquid phase, because we found that other components are
generally in very low concentration near the interface and
their solubility in cryogenic oxygen is negligible. The fuel
stream is issued from the right far field of the gas-phase
domain. The liquid oxygen vaporizes first and then enters
the gaseous domain to participate in the chemical reaction.
The liquid-gas interface is infinitely thin and positioned at the
location of x = 0. Across the interface, the inflow oxygen mass
flux is determined via energy and component mass balances
across the interface. We are interested in this particular flame
in subcritical pressure conditions, and considered a range of
pressure values, including 2 bar, 5 bar, 10 bar, and 30 bar.
Those pressure conditions are selected to cover the whole
range of subcritical conditions, from relatively low (like 2,
5 bar), to moderate (like 10 bar), to relatively high (like 30 bar)

Lliquid Lgas
Nr B
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T
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layer +- yoxygen
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Fig. 2 — Illustration of a two-phase counterflow flame configuration (a) and the corresponding model problem (b). In (b), Lgas
denotes the gaseous domain where combustion takes place while L;;q,iq refers to the thermal layer that could exist due to
temperature gradient within liquid. “+/—" represents the left and right sides of the interface.
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pressure values. Also, with a broader range of pressure con-
ditions, the scaling relation of flame behaviors with respect to
pressure can be robustly derived. The associated information
about the operating conditions is provided in Table 1. The
flame behaviors are characterized by examining the effects of
strain rate, pressure, and fuel inlet temperature. The heat loss
on the liquid side is also considered in our numerical experi-
ment but first kept as a control variable for simplicity when
investigating other physical effects.

Mathematical formulation
Governing equations

The combustion occurs in the gas-phase domain and the
related physics can be described by the conservation laws of
species mass, momentum, and energy. In the counterflow
setting, the conservation laws can be recast into the axisym-
metric forms, which are written as: for x € [0, Lyqg],

G- % =0, (1a)
T AT R
21—"3—3; . % d% <K3—§> + é Zcpmvij—z + %Xi:hi@i -0, (1c)
24 L vy =0, (1d)

In which the functions of G, F, and H are related to radial
momentum, axial momentum, and pressure as follows:

10P
H=ar @
where u and v are the axial and radial velocity components; p,
T and P are the density, temperature, and pressure. c, is the
heat capacity at constant pressure, « and u are the thermal
conductivity and dynamic viscosity, respectively. The mass
diffusion velocity is expressed as [38]:

Gx) =2, Fx) =2

1 . dx; D dr
7XiW). TVdx  pYT dx’

Vi ®3)

where Y; and X; are the mass fraction and mole fraction of ith

species, respectively. W denotes the molecular weight, D;; and
DI-T refer to the binary and thermal diffusion coefficients,

Table 1 — Operating pressures and the corresponding
parameters for the cryogenic flame analysis.

Pressure Saturation Latent Liquid thermal
(=) Temperature Loz ) Conductivity
(X) (W/K)
97.4 204.86 0.1413
5 109.0 191.08 0.1243
10 120.0 174.01 0.1080
30 142.0 115.25 0.0746

respectively. The liquid stream is treated as a plug flow of pure
liquid oxygen, and its governing equation reads: for
X € [ — Liquia 0],

d

e (pur) =0, (4a)
dT; d [ dT

p,ulcp,ld—xl - H (K]d—xl> =0, (4b)

With the subscript “I” to indicate the liquid variable. Note
that without further specification other variables without the
subscript “I” represent the gas-phase quantities.

At the far field of the fuel stream, the inlet temperature and
velocity (zero radial component) are prescribed. At the
infinitely-thin liquid-gas interface (x = 0), the phase change
process is taking place. It is assumed that the phase change at
the interface occurs very fast and the equilibrium condition
prevails. In general, the interface temperature depends on the
oxygen boiling temperature and the partial pressure of oxygen
vapor on the gas side of the interface, for instance, according
to the Clausius Clapeyron relation. However, it is found that
the phase change of our problem turns out to be indeed suf-
ficiently fast and the oxygen concentration dominates on the
gas side of the interface (later we will show Yo, >98% atx =0~
in our cases). Hence, the interface temperature is approxi-
mated as the boiling temperature of liquid oxygen T(x =
0)=To, sat, at @ given pressure. Note that this approximation
was employed in modeling droplet combustion and found in
the classical literature [39,40]. Furthermore, the oxidizer sup-
ply is governed by the heat and mass flux balances across the
interface. The inflow mass flux of liquid oxygen, denoted as
1o, is determined from the energy conservation law (from the
‘+’ side to the ‘-’ side) [39]:

. dT ar
ten (135 | = (<G)

where the first and second terms on the left-hand side refer to
the latent heat and heat conduction towards the liquid side,
and the term on the right-hand side is the heat conduction
from the gaseous side. Since the vaporized species is pure
oxygen, 1, is also the oxygen mass flux across the interface.
Therefore, the interface naturally enforces the boundary
condition for the oxygen transport equation in gas phase,
which is written as [39]:

(%)

9

m, = puYo, + pY02 Vo2, (6)

Meanwhile, because the liquid is always treated as pure oxy-
gen, at the interface (x = 0), the zero-mass-flux boundary
condition is motivated for other species,

0 = puY; + pYiVi, with i#ip,. (7)

It should be noted that Egs. (5)—(7) are coupled with each
other. Another interesting aspect is that when the liquid is
fixed at the boiling temperature, we have (xdT/dx)|;, =0 and
we may solely sove the governing equations of the reactive
gas mixture, Eq. (1). In the present work, we employed a
modified version of FlameMaster [41] to solve the nonlinear
ODE system. The solver is based on an iterative Newton
method with the Jacobian matrix evaluated numerically with
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divided differences. To account for the liquid-gas interface, we
extended the solver's capability by including the heat- and
mass-relations, Egs. (5)—(7). To ensure the numerical conver-
gence, we continually increase numerical resolution until the
solution does not change. Typically, each flame is resolved by
about 400 grid points with an extremely dense grid near the
oxidizer side. We carried out and reported the validation study
with comparison to DNS data in Ref. [14]. More validation ef-
forts can be found in Appendix. A.

Models of thermodynamics, transport, and chemistry

To account for the real-fluid thermodynamics, a cubic equa-
tion of state (EoS) must be employed and we select the Peng-
Robinson EoS [42] because of its simplicity and demon-
strated accuracy in the previous studies. For mixtures, the EOS
is expressed as follows:

p RT ___ am
“vu—b v2+42bv—b?

a= ZZX;X)'GU‘ and b= inbi7 (8b)
i i

(82)

R2T2, 7\\
L cij _
ay = 045724 <! <1 + c(l Tﬁj) ) : (80)
b, — 0.07780 e, (8d)
Pc,i
¢j = 037464 + 1542260 — 0.269922, (8)

In which R is the universal gas constant, v = 1/p is the
specific volume, w is the molecular acentric factor, and T, and
P, denote the critical temperature and pressure, respectively.
Note that the mixing rule recommended by Harstad et al. [43]
is utilized here. The binary critical properties are evaluated
with:

Tej = 4/ TeiTej(1—ky), (9a)

P = ZcAinTc.ij/Uc,ijv (9b)
Ve = (sz + Uz_ég)s / 8, (9¢)
Zei = (Zei + Zej) /2, (9d)
wy = (wi + wj) /2, (%)

where v, is the critical molar volume, Z. is the critical
compressibility factor and k; is the binary interaction
parameter.

Besides, in order to evaluate the heat capacity and
enthalpy of the real-fluid mixture in Eq. (1), we follow the
standard procedure [44,45]. The mixture properties at the
standard ideal-gas state are first evaluated with the NASA
polynomial [46], and then the real-fluid properties are ob-
tained by adding a correction (often called departure function)
to the corresponding ideal-gas properties. To accurately

capture the real-fluid effect, the peculiar diffusive transport
behavior of real fluids must be taken into account. In this re-
gard, Chung et al.’s formulations [47] are employed to evaluate
viscosity and thermal conductivity, and the formulations
reduce to the classical Chapman-Enskog equations [48] at low
pressure. In terms of diffusivity evaluation, the semi-
empirical method proposed by Takahashi [49] is used, in
which the real-fluid diffusivity (scaled by the corresponding
ideal-gas value) is expressed as a function of a pair of reduced
pressure and temperature. In the present study, we focus on
hydrogen-oxygen combustion, and the chemical kinetics is
described by Burke et al.’s chemical kinetics [50], including 9
species and 27 elementary steps. We selected Burke et al.’s
chemical Kinetics mechanism because it is a well-validated
hydrogen reaction mechanism applicable to a large range of
pressure conditions, which has been broadly employed in
related studies [13,14,36,51]. The critical properties of all spe-
cies are taken from the NIST database [52]. It is noted that
there is a lack of experimental data for several minor species;
however, the mass of these minor species only accounts for
less than 1% of the overall mass of the reactive mixture. This
issue is treated using a pragmatic approach in which the
minor species without critical-property data are eliminated
from the EoS-related calculations and their enthalpy and heat
capacity properties revert to the corresponding values of ideal
gases.

Analysis I: characteritization of flame behaviors
Flame structure

Fig. 3(a) shows the structure of the two-phase cryogenic flame
in a one-dimensional counterflow setting. The flame tem-
perature is very high due to the high heating value of
hydrogen. There is a significant temperature gradient near the
interface, which is in the order of 10° K/m (for the case of ag;.
=100s~1). However, due to the large magnitude of latent heat,
the oxygen inflow velocity is still very slow compared to that
of the fuel inflow. Two peaks in the heat-release profiles are
observed, corresponding to fuel-rich and fuel-lean mixtures,
respectively, which coincide with the two local strain
extrema. The same behavior was also found in the previous
studies of supercritical flames [53,54]. Further, it is worth
noting that the oxygen mass fraction at the interface is not
restrictively (although very close to) unity. This is because the
boundary conditions of the species transport equations at the
liquid-gas interface (x = 0) are not Dirichlet conditions.
Instead, the species mass fractions at the interface are
determined by a set of coupled relations (Egs. (3), (5) and (6))
that describe the heat and mass transfer across the liquid-gas
interface. As a result, the oxygen concentration exhibits a
small jump at the interface. Nevertheless, the jump is very
small. In our cases, the oxygen mass fraction at the interface is
above 98%

Fig. 3(b) and (c) show the comparison of flame structures at
two different strain rates, as = 100 s~ (near-equilibrium) and
ast = 3.70 x 10° s~ (extinction strain rate, d,). Since the spe-
cies concentration at the oxidizer inlet varies with respect to
the strain rate, the comparison was carried out on the space of


https://doi.org/10.1016/j.ijhydene.2022.09.219
https://doi.org/10.1016/j.ijhydene.2022.09.219

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 350—365

X 109
Ir 35007 047 5
3000 037
08} 14 _
02+t s
2500 | &
012000t 2 " 1° %
~~ W 45
N < £ of 5
B = 2
L1500 IP
0.4 o1l 2 ;8)
1000 02+ 5
02 i1 =
500+ 03 B
0 0.4 : 0
0 1 2 3
X (mm)
a) flame structure in physical space
y
x 103 %1073
3500 ‘ ‘ ‘ ‘ 3 1
—HO0
3000 | ] OH
25 08 o 14
2500 ¢ = ;
12 § —HO2
~ 2000 S 06 1? .
) 158 ™ 5
= 3 .
1500 2 o4l R 12
11 =2 AN N
1000 ) S
< L \\\ \
500 1052 0.2 AN :
0 0 0 : —T===2N
0.6 0.8 1

(b) T and HRR in Z—space

(¢) mass fractions in Z—space

Fig. 3 — Structure of counterflow cryogenic GH,/LO, flame at the 10 bar pressure and a strain rate of a;. = 100 s~* (a) and
comparisons of the profiles of flame temperature and heat release rate (b) and species mass fractions (c) at two different
strain rates: a,, = 100 s~ (solid line) and a,; = a,, (dashed line). The curve of heat release rate in panel (b) is multiplied by a

factor of 1000 to be visible.

mixture fraction, defined using hydrogen element mass in the
mixture,

YH YH
Zy=Wy|=—-+2-2
H H <WH + Wi,

You
Won

Yo,
WHOZ

Yu,0

+2
Wh,o

Yu,0,
ZWzoz)' (10)
The peak temperature is located at Zy = 0.097 smaller than
Zy = 0.111, the value corresponding to stoichiometry for the
pure-oxygen/hydrogen case. This is attributed to the effect of
differential diffusion as also observed in the results in Yao
et al. [36]. The influence of differential diffusion is more pro-
nounced at higher strain rate, while the flame temperature
peak moves closer to the oxidizer inlet. Interestingly, at the
extinction strain rate (ass = dex) the two heat-release-rate
peaks are both positioned on the fuel-lean side, and the one

originally on the fuel-rich side is very close to the stoichiom-
etry. To better examine the differential diffusion effect, we
follow the procedure of Sutherland et al. [55] to evaluate a
differential diffusion parameter, which is defined as:

Ns

Ns R .
= Z%TWQVI- —v- (pDV <ZWYi> > (11)

Ne
€= e,
=1 i=1 i=1 !

where N, and N; are the numbers of elements and species,
respectively. a,; is the number of atoms of the element I in
species i. v, denotes the weighting factors of the elements in
the definition of the mixture fraction [55]. We plot the
normalized differential diffusion parameters of the given
flames in Fig. 4. As shown, the differential diffusion is very
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significant on the fuel side due to the high diffusivity of the
hydrogen molecules. This result is consistent with Yao et al.’s
finding [36] in the supercritical conditions. Moreover, they also
found that the differential diffusion parameter can be inten-
sified across the pseudo-boiling line, which is exemplified as a
localized sharp peak. Since here we considered subcritical
condition and the evaporation does not occur on the gaseous
domain, therefore that sharp feature does not exist in our
cases.

As exhibited in Fig. 3, the species concentrations also show
strong sensitivities to the strain rate. At low strain rate con-
dition, there is only marginal oxygen leakage towards the fuel-
rich side; when strain rate achieves the quenching point, the
oxygen leakage becomes significant and the mass fraction of
major product-water reduces by nearly 40%. Coincidence with
the oxygen leakage is the continuous reduction of OH con-
centration with the growth of strain rate. OH, as one of the
most active radicals, is mostly distributed around the location
of peak temperature. Note the good correlation between the
OH and the temperature profiles in Fig. 3 (b) and (c). At a higher
strain rate, OH drifts towards the cold oxidizer side to sustain
the required heat release, meanwhile, a lower temperature
environment impedes the production of OH. This leads to a
much lower level of OH concentration. Another remarkable
behavior due to the strain rate variation is the accumulation of
inactive HO, radical at the quenching condition, which is
attributed to the intensified recombination reaction at the
lower temperature level [40]. In contrast to the localized dis-
tribution of HO2 radical at a low strain rate, the HO2 at the
high strain rate becomes widespread in the entire Z — space
due to the significant diffusion effect. In the vicinity of the
interface where the temperature is very low, a spike appears
in the HO, mass-fraction profile, which results from the very
lower temperature near the liquid-gas interface. Such a
peculiar feature of HO2 was not reported previously in the
classical counterflow flame setting [7]. Although there are
some notable changes in the thermochemical states close to
the interface, the variation of oxygen mass fraction at the
interface is less than one percent from ag; = 100 ST1t0 Qg = Gox.

3500
. 100% |
B 3000
o 7S
£
S 60% |
g 12500
§ 204
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z 2000
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E
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2 -60%
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Fig. 4 — Differential diffusion parameter ¢ profiles
corresponding to the counterflow cryogenic GH2/LO2 flame
at two strain rates in Fig. 3.

Effects of pressure and strain rate

In this part, we examine the effects of pressure and strain on
the flame characteristics simultaneously. Fig. 5(a) shows the
peak flame temperature as a function of stoichiometric strain
rate, ag. Similar to the results established for supercritical
flames, the flame temperature is not receptive to strain rate in
low strain-rate conditions, because of the oxy-combustion
environment and highly reactive fuel (hydrogen). The flame
temperature starts dropping when as becomes larger than
approximately 1% of its extinction value—a,. The continuous
growth of ay finally leads to a considerable drop in the flame
temperature. Based on this behavior, we may categorize the
flame behaviors into two regimes: i) a lower strain-rate
regime, ds < 1%0.x, and ii) a higher strain-rate regime, as >
1%a.x. To quantify the flame behaviors in response to different
physical effects, in the following we focus the analysis on
three characteristic variables: (i) total heat release, Q =
fé Soihiwidx, (ii) flame-interface distance, ép, defined as the
spatial distance between the interface and the locus of peak
flame temperature, and (iii) the vaporization rate of liquid
oxygen, 1, (see Eq. (5)).

It is interesting to see that the total heat release exhibits
different behaviors in the two regimes defined above, as
shown in Fig. 5(b). In the lower strain-rate regime, the total
heat release scales with strain rate and pressure as Q ~ /DAst,
which is consistent with the finding in Juniper et al.’s study
[31] and the results for supercritical flames [6,8]. However, in
the high strain-rate regime, the scaling of total heat release

shifts to a different form, Q ~p¥5a}*® for the flame we
considered. The change in scaling is attributed to the fact that
flame temperature responds differently to strain rate in
different regimes. Temperature drop at higher strain rates
leads to a relatively weakened heat release. The latter scaling
was not identified previously since not enough operating
conditions were considered. Apart from the scaling about total
heat release, the scaling for the flame-interface distance, og
and the vaporization rate of liquid oxygen, m,, are also
established: 6g ~ 1/+/(past) and 1, ~ /Pas, as illustrated in
Fig. 5(c) and (d), respectively. For each of the two scalings, its
form is kept consistent in two regimes, throughout the entire
range of flammable strain rates. We can also compare the
scaling of m, in Fig. 5(d) to that of Q in Fig. 5(b). As the strain
rate approaches the quenching point, the oxidizer vapor-
ization rate tends to grow faster than the total heat release,
comparatively speaking, with respect to the strain rate.
Hence, this indicates that the flame quenching is caused by
the overwhelming diffusive straining effect, and not a result of
the lack of oxidizer supply from the liquid phase. This sig-
nificant finding is directly relevant to the stabilization of
cryogenic flame in the actual combustion chamber and is also
supported by the experimental evidence (i.e., the stable reac-
tion zone in the shear layer [28,30,31] and the smooth surface
[29]). These experimental evidences corroborate our finding
that for the cryogenic flame configuration considered here,
the oxidizer supply from the liquid phase is not the limiting
factor for combustion.
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Fig. 5 — Effects of pressure and strain rate on the (a) peak flame temperature; (b) total heat release, Q; (c) flame-interface

distance, or; and (d) vaporization rate of oxidizer, m,.

Effect of real fluid

It is known that close to the interface the temperature is very
low and the real-fluid effect might play a vital role in com-
bustion. The effect of real fluid is investigated in the mixture
fraction in Fig. 6. As shown, the compressibility factor (defined
as PV/RT) deviates from unity as the mixture fraction Zy ap-
proaches zero. Specifically, the non-ideal thermodynamic ef-
fect is pronounced when Zy < 4 x 1073, This range of mixture
fraction is generally consistent with the finding for super-
critical counterflow flame [9]. With increasing operating
pressure, the compressibility factor near the interface be-
comes smaller, and hence the non-ideal effect is growing. The
direct impact of real fluid is well illustrated in the density
profile in Fig. 6(b). As we can see, the density obtained based
on the ideal gas law can introduce significant model errors,
especially for the intermediate pressure range. At P = 30 bar,

the error in density is almost 100%. Below P = 2 bar, the model
error is bounded within 7%. Since the density is tied to the
mass and heat transfer between two phases, these errors
directly result in the errors in oxidizer inflow velocity and the
species concentration. Therefore, the real-fluid effect should
be accounted for in the modeling of cryogenic flames, espe-
cially when the operating pressure is close to the critical point.

Effect of fuel inlet temperature

The fuel inlet temperature is found to play a minor role in the
behavior of two-phase cryogenic flame, which is similar to the
finding for supercritical flames [7,9]. Here we select three inlet
temperatures, namely 300 K, 500 K, and 700 K, based on
practical relevance, to examine this effect. Compared to the
oxygen inlet temperature, the fuel inlet temperature is
generally higher as in rocket applications the fuel undergoes a
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reburning process before being injected into the combustion
chamber. As shown in Fig. 7, the change of fuel inlet tem-
perature causes a minimal change in the flame characteris-
tics. The small change in flame temperature can be explained
by the classical theory of diffusion flame [40]. The adiabatic
flame temperature is related to the fuel inlet temperature as:

ATpmax = ZstATﬁ (12)

where the stoichiometric mixture fraction Zs; may be replaced
by Z|;_r, . for our case due to the differential diffusion effect.
Asdiscussedin Sec. 4, Z|;_;, is about0.097 in our case. Hence,
it is expected that the 200 K increase in fuel inlet temperature
corresponds to about 19 K rise in peak flame temperature,
which coincides with the results in Fig. 7. The consistency
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between the predictive and theoretical analyses in this regard
implies that the non-ideal gas effects in the considered flame
are not as pronounced as those in the high-pressure condi-
tions [9]. The slight sharpening of the temperature profile near
the interface also leads to a marginal increase in oxygen
vaporization rate. Nevertheless, the flame characteristics are
not sensitive to fuel inlet temperature, and this is also
corroborated with the results in Fig. 7 (b), where the extinction
strain rates for different fuel inlet temperatures are nearly the
same. Finally, we should note that the slight sensitivity of the
flame to fuel inlet temperature is due to the fact that i) Zs; here
in Eq. (12) is very small and ii) the highly reactive flame over-
shadows the real-fluid effect and exhibits similar features as a
Burke-Schumann flame. Caution should be taken when
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Fig. 7 — Behavior of cryogenic counterflow LO2/GH2 flame in response to the change of fuel inlet temperature at 10 bar
pressure. (a) temperature profile; and (b) peak temperature versus strain rate.
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generalizing this observation to other fuel types and flame
conditions.

Effect of heat loss to liquid

In the above analysis, the heat conduction towards the liquid
side is not considered and the bulk liquid is fixed at the
saturated temperature to reduce the number of control vari-
ables. To account for the non-zero heat flux toward the oxy-
gen liquid, we need to resolve the liquid temperature within
the thermal layer adjacent to the liquid-gas interface. To this
end, we would like to find the practically-relevant parameters.
In rocket-relevant applications, the size of the thermal layer
may be compared to the size of the injector (See Fig. 1). Since
the injector diameter is typically in the order of millimeter, we
consider the thickness of the thermal layer, Liqui4, to be O(0.1)
millimeter or even smaller. The temperature of the bulk liquid
could be lower than the boiling temperature by O(10) K. In
general, these parametric ranges are rather reliable for rocket
combustion. With the ranges of parameters, we solve the
plug-flow transport equations, Eq. (4), to obtain the tempera-
ture profile in the liquid as well as the liquid heat flux at the
interface. Since this heat flux represents extra heat loss from
the gas side in Eq. (5), we denote it as Qo5 = (kdT /dx)|,; in the
following for notational convenience. Fig. 8(a) shows the
temperature profile in the liquid region with various thermal
layer thicknesses and with a bulk liquid temperature of 80 K at
the pressure of p = 10 bar. As shown, the temperature exhibits
a linear profile within the thermal layer at all cases. The
temperature profile becomes steeper as the thermal layer
narrows down, which implies much larger heat loss to the

liquid from the interface. In 8(b), the Q; is plotted against the

thermal layer thickness Ljquiq. An exponential growth of Qloss
is observed with the decrease of Lijguia-

120
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(a) temperature profile

With this set of Qs values, we then carry out the coun-
terflow flame calculation in the gas phase to examine the ef-

fect of Qs on flame characteristics. The results are shown in

Fig. 9. With a growing Qjo, the flame becomes closer to the
interface, and the temperature profile there is sharpened;
however, simultaneously the liquid vaporization rate reduces
and the oxygen concentration on the interface decreases,
leading to lower flame temperature and lower overall heat
release. The continuous growth of heat loss causes flame
extinction eventually, similar to the influence of strain rate.
The effect of heat loss may be contrasted against that of strain
rate, as summarized in Table 2. The peak flame temperature
and flame-interface distance are negatively correlated with
both heat loss and strain rate. Moreover, total heat release and
oxidizer vaporization rate are negatively correlated with heat
loss, while positively correlated with strain rate. In addition,
the interfacial oxygen concentration exhibits negative
correction with heat loss but is insensitive to the strain rate.
Finally, it is also worth noting that major flame characteristic
quantities have a linear dependence on heat loss, but are
proportional to the square root of strain rate.

As elucidated at the beginning of this section, we choose
the problem setting based on the practical scenario of rele-
vance to rocket combustion. The heat loss to the liquid side is
directly related to the thickness of the thermal layer that ap-
pears close to the injector of the rocket combustor. In general,
the thermal layer size could be 0(0.1) millimeters. As such, it
is shown here that the heat loss to liquid could have an
appreciable influence on the characteristics of the two-phase
flame but is unlikely to cause flame extinction. Note that the
extreme case considered here has a thermal-layer thickness
of '/oo millimeter, which is difficult to persist in practical
settings. This conclusion is also consistent with the analysis
of Juniper et al. [34].

0.5 ‘ ‘ ‘

Qloss (W/mQ) . %10°

(b) heat flux vs. thermal-layer size

Fig. 8 — Plug flow solution in the liquid region with various thermal layer thickness: (a) temperature profile; (b) relation
between the thermal layer thickness and the heat flux at the interface. The legend in (a) illustrates the heat flux resulting

from different cases.
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Fig. 9 — Effect of heat loss to liquid on the cryogenic counterflow LO2/GH2 flame at the 10 bar pressure and a fixed strain rate.
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(f) panels, respectively, reveal the behaviors of flame-interface distance, liquid-oxygen vaporization rate and overall heat

release.

Analysis II: a posteriori analysis of phase

stability

Phase stability of the cryogenic flame is another primary focus
of our study because phase stability is critical to model

applicability and fidelity. Previous studies have identified the
presence of unstable phase in supercritical combustion field
[14,35,36]. However, the phase stability of cryogenic flame in
the subcritical regime has not been investigated yet. To
rigorously analyze this problem, we follow the approach of
Traxinger et al. [35] and examine phase stability from two
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Table 2 — Comparison of the effects of heat loss and strain
rate on the flame characteristics.

Flame Heat loss Strain rate

characteristics Qloss st

Peak flame Negatively correlated Negatively correlated
temperature

Flame-interface Negatively correlated Negatively correlated
distance

Total heat release  Negatively correlated Positively correlated

Oxidizer Negatively correlated Positively correlated

vaporization rate
Interfacial oxygen
concentration

Negatively correlated Insensitive

perspectives: vapor-liquid equilibrium (VLE) and meta-
stability. For VLE, the criterion based on tangent plane dis-
tance (TPD) proposed by Michelsen [57] is utilized in a
posterior manner to examine whether a single-phase
(gaseous) mixture stays at its lowest Gibbs energy state.
Herein a yes-or-no answer will first be provided; however, the
phase instability identified through VLE does not mean that
the phase separation is necessarily triggered, as the thermo-
dynamic state could lie in a metastable state. The metastable
region represents the area between the binodal and spinodal
curves in the phase diagram. In the metastable state, any
small disturbance to the state is unlikely to result in phase
separation. Therefore, additional investigation is conducted to
examine the metastability of the thermochemical states on
each flame manifold.

Phase stability with VLE

Previous studies [14,35,36] shown that an unstable phase
appears in the region of lower temperature and with appre-
ciable water concentration. In the following, we refer to this
region as the unstable-phase region (UPR). The same finding
holds true in this present study, as the VLE unstable phase
emerges in the narrow region adjacent to the liquid-gas
interface. In Fig. 10, we show that the boundary of UPR col-
lapses well with the iso-contour lines of T = 300 K and
Xmoo = 4%. In other words, the unstable phase likely arises
when the temperature is lower than 300 K and the local water
volume fraction stays above 4%. Such a thermochemical
environment commonly exists very close to the liquid-oxygen
stream in rocket combustors. This value of X0 = 4% also
provides us a rapid estimate of the upper bound of the vapor
fraction of the two-phase mixture in case that phase sepa-
ration occurs locally.

Based on the scaling behavior of the flame-interface dis-
tance (6p;) shown in Sec. 4.2, we expect that overall topology
scales of the flame inversely with the square root of strain
rate, and thus the same scaling holds for the size of UPR.
These characteristics are well illustrated in Figs. 10 and 11(a).
In addition, Fig. 11(a) also shows the scaling of the size of UPR,
dupr, With respect to pressure. Below 10 bar pressure, UPR
shrinks with increasing pressure, and déypr Sscales inversely
with the square root of pressure. This scaling behavior with

respect to pressure is consistent with that of ¢p revealed in
Fig. 5(c). However, remarkably the UPR size no longer reduces
as pressure further elevates. This peculiar characteristic
behavior implies that the existence of an unstable phase is a
persistent feature at a higher pressure range (even in the su-
percritical regime). Fig. 11(b) shows the relative size of UPR
with respect to the flame-interface distance. As we can see,
except for a slight increase near the quenching point, the
relative size of UPR is almost constant over the range of
flammable strain rate. Furthermore, the relative size of UPR is
insensitive to pressure variation below 10 bar, but thereafter
exhibits a significant growth with rising pressure, indicating a
considerable broadening of the UPR (relative to the flame
thickness) at high pressure conditions. Overall, the size of UPR
is very small compared to the flame-interface distance (less
than 5% of ¢ for all cases considered), which implies a sig-
nificant challenge and resolution requirement for modeling
purposes if one would like to capture the unstable phase in
CFD simulations.

Phase metastability

In this part, we focus on the metastability of the obtained
flame solutions. This requires the determination of the
metastable regions, which, however, is rather difficult and
impractical for multi-component mixtures. Since it is known
that the controlling factors on phase stability are mainly
temperature and water concentration based on the VLE
analysis, hence we use the metastable region of H,0/0, binary
mixture manifested in the T — Xyy0 plane for reference to
examine the metastability of the flame solutions. The pro-
cedure is following: first, the binodal and spinodal lines of the
H,0/0, binary mixture are obtained for a given pressure and
plotted in the T — Xy, plane (the region in between these two
lines is the metastable region); then, each flame solution at
the corresponding pressure is laid on top of the same plot to
reveal the loci of its thermochemical states with respect to the
metastable region.

Fig. 12 shows the loci of the thermochemical states on each
flame manifold in the T — Xyy0 plane, along with the corre-
sponding metastable region, for different pressure conditions.
It is evident that only the thermochemical states very close to
the liquid oxygen lie within the metastable region, and for a
given flame case the state closest to the spinodal curve cor-
responds to the very thermochemical state of the liquid-gas
interface. In our analysis, the most important finding is that
no state is located within the spinodal region where phase
separation inevitably occurs, meaning that the thermochem-
ical states of all flame solutions considered in this study are
either stable or metastable. Pressure has an impact on the size
of the metastable region but does not change the metastability
of the flame solutions. With descending pressure, the tem-
perature levels of both coexistence and spinodal lines fall
while the metastable region is somewhat expanded and the
distances between the loci of metastable flame states and the
spinodal region become larger. The strain rate also plays a role
in the metastability of the cryogenic flame. As discussed in
Sec. 4, the higher strain rate reduces the water concentration
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strain-rate conditions. Shown in (a) are the size of UPR and its scalings and in (b) is the size of UPR relative to the flame-

interface distance.

in the vicinity of the liquid-gas interface, leading to the left
move of thermochemical states in the T-Xy0 plane. In fact,
this interesting finding is a bit counter-intuitive, saying that a
highly-strained flame is less likely to encounter phase sepa-
ration issues compared to a flame with a lower strain rate.
Overall, here our analysis on metastability considers a range
of pressure and strain-rate conditions, which is an appre-
ciable extension of the study by Traxinger et al. [35]. Moreover,

we also carry out a tentative analysis on the nucleation pro-
cess, which is possibly triggered in the metastable phase by
appreciable thermodynamic disturbance events. Based on the
classical nucleation theory [58], it is found that the water
droplets form immediately in the metastable phase when the
pressure is above 5 bar; while at the 2 bar condition the
nucleation time scale is in order of 100 s. The readers are
referred to the Appendix. B for more details.
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Conclusions

A counterflow cryogenic LO,/GH, flame was characterized
through computational analysis. The particular focus was
placed on the flame behaviors at subcritical pressures, which
have not been studied thoroughly. The real-fluid thermody-
namic and transport models, along with the detailed chemical
mechanism, were incorporated into the model formulation,
and importantly the heat-transfer and mass-transfer across
the liquid-gas interface were accounted for. A parametric
study was carried out to examine the impacts of a number of
influencing factors (pressure, strain rate, fuel inlet tempera-
ture, etc.) on flame behaviors. In addition, the phase stability

analysis was performed to determine whether the thermo-
chemical states on flame are in phase equilibrium or posi-
tioned in the metastable thermodynamic region. Our study
leads to several key findings, which are summarized as
follows.

e Scalings of flame characteristic variables, including total
heat release, flame-interface distance, and oxidizer
vaporization rate were established. It is found that the
scaling of total heat release varies with the magnitude of
strain rate. The scaling, Q ~ ,/pas;, holds well in lower
strain rates at which flame temperature is not receptible to
strain rate, while in the higher strain-rate range where the
flame temperature becomes sensitive to strain rate, the


https://doi.org/10.1016/j.ijhydene.2022.09.219
https://doi.org/10.1016/j.ijhydene.2022.09.219

364

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 350—365

scaling shifts to Q ~ p¥>aX/>. It is recognized that the flame-
interface distance scales with pressure and strain rate as
o1 ~ 1/,/Pas, and the scaling of oxidizer vaporization rate
is found to be 1, ~ \/pas. These two scaling rules are not
influenced by the magnitude of strain rate and hold firmly
throughout the entire range of flammable strain rates. By

comparing the scalings of Q and rn,, we also confirmed that
the oxidizer supply through liquid vaporization is not a
limiting factor for the cryogenic flame considered.

Our study shows that the real-fluid effects are pronounced
only in the vicinity of the liquid-gas interface (mixture
fraction less than 4 x 10~%) and become increasingly crucial
as pressure approaches the critical point. The effect of fuel
inlet temperature was also investigated and found to have
a very limited influence on flame characteristics.

A new finding in our study is that the heat loss to the liquid
oxidizer can have a profound impact on the flame char-
acteristics. With growing heat loss, the total heat release,
the flame-interface distance, and the oxidizer vaporization
rate all exhibit linear decreasing trends. Moreover, when
the heat loss becomes sufficiently high, a considerable
drop of oxygen concentration at the interface is observed.
Another substantial result is about the phase-stability of
cryogenic flames. Based on the vapor-liquid equilibrium
theory, we find that the unstable phase appears in the vi-
cinity of the liquid-gas interface. The size of the unstable-
phase region scales with the square root of strain rate re-
duces with increasing pressure and stabilizes when pres-
sure approaches the critical value. Additional investigation
on the metastability of the unstable phase was performed.
Itis confirmed that the thermodynamically unstable phase
are all situated in the metastable region where small dis-
turbances in the thermochemical state will not trigger
phase separation.
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