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Lique¦ed Natural Gas (LNG) is a suitable propellant to be used, to-
gether with liquid oxygen as oxidizer, in a liquid rocket engine, because
of possible advantages with respect to hydrogen in speci¦c applications.
Often approximated as pure methane, LNG is a mixture of methane,
other heavier hydrocarbons and nitrogen. If LNG is to be used in a
regeneratively cooled liquid rocket engine, the knowledge of the thermo-
dynamic and heat transfer characteristics when it §ows in the cooling
channels is of primary importance. The aim of the present work is to
understand how the composition of LNG can in§uence the §ow in the
cooling channels. A parametric study is carried out considering di¨er-
ent LNG compositions and heat §ux levels. Attention is devoted to the
pressure drop and cooling capabilities, which are the aspects that have
to be controlled in a regenerative cooling system.

1 INTRODUCTION

In the recent years, an interest toward methane as a rocket engine fuel (to-
gether with oxygen as oxidizer) has been renewed because of several advantages
it presents if compared with other commonly used fuels. If compared to hydro-
gen, methane is more dense, less expensive, and less cryogenic [1]. Moreover,
methane is more energetic and has a higher coking temperature than all other
hydrocarbons [2, 3]. These advantages make this fuel interesting although it
gives lower speci¦c impulse than hydrogen, and is cryogenic and less dense com-
pared to earth storable hydrocarbons. In nature, the major source of methane
is the natural gas, which is in fact a gas mixture with a composition varying
with extraction location. Raw natural gas is composed by more than 80% mole
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fraction of methane, and for the remaining part by heavier hydrocarbons (pri-
marily ethane, propane), nitrogen, water, carbon dioxide and elemental sulfur.
The liquefaction process of natural gas requires removal of carbon dioxide, water,
oxygen and sulfur compounds to prevent them from forming solids when the gas
is cooled. As a result commercial LNG is typically made up of 90% or more of
methane and of ethane, propane, butane and nitrogen in di¨erent percentages
for the remaining part.
Further processing of LNG allows one to increase methane molar fraction

with the obvious increase of the propellant cost. In fact, the cost of the nec-
essary production and handling technology that can provide the desired liquid
methane composition up to get pure methane, must be taken into account [4, 5].
The cheaper LNG has therefore been considered as a possible rocket engine fuel
instead of pure methane [6�8]. In fact, due to the large amount of methane
contained, LNG should have the same kind of advantages as methane. However,
using LNG rather than methane may a¨ect the behavior of the di¨erent subsys-
tems in such a way to yield changes of overall rocket performance that have to
be correctly predicted.
Among the di¨erent subsystems, the present study focuses on the regener-

ative cooling system, with the aim of understanding the in§uence of the LNG
composition on the fuel cooling capabilities and thermodynamic behavior. To
this goal an accurate thermodynamic description of LNG is important and there-
fore it has to be described as a gas mixture by appropriate thermodynamic mod-
els. Cooling channels typically have a rectangular cross section, they are curved,
and the heating is asymmetric. However, a simpler geometry of two-dimensional
(2D) axisymmetric straight channels is considered in the present study to fo-
cus the attention only on the in§uence of the thermophysical properties over
the coolant behavior. The most important parameters to analyze cooling sys-
tem performance are the pressure drop and the temperature increase along the
channel and also their local behavior or rather their evolution along the chan-
nel. In particular, it is interesting to observe how the pressure drop and heat
transfer characteristics in the cooling channels change with LNG composition.
To pursue this objective a fast and suitable numerical solver is essential. While
the motivation for choosing a fast solver in a parametric study is obvious, a
suitable solver is necessary to manage the complex §ow modeling and thermo-
dynamic phenomena, which a¨ect the heat transfer to turbulent supercritical
§uids. The proposed approximation is to use Parabolized Navier�Stokes equa-
tions (PNS) [9, 10]. The parabolization is obtained by neglecting viscous deriva-
tives in the space-marching direction and by considering the streamwise pressure
gradient as a source term evaluated on the basis of the overall momentum bal-
ance. The algorithm is based on a ¦nite volume approach with a Godunov-type
scheme, which uses a modi¦ed Roe£s approximate Riemann solver for a §uid gov-
erned by a generic Equation of State (EoS). Using PNS is particularly suitable
for parametric analysis with a negligible loss of precision in physical modeling
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with respect to full Navier�Stokes solvers. Appropriate EoS and transport prop-
erty relations for mixtures of real §uids must be used. The Groupe Europ‚een de
Recherches Gazières (GERG) [11] model has been selected for the EoS, whereas
the Extended Corresponding States (ECS) models [12, 13] have been used for
the transport properties.

In the following, the numerical and thermophysical models are presented.
Then numerical simulations on heated channel §ows of di¨erent LNG mixtures
are analyzed, for normal and deteriorated heat transfer modes. A parametric
study varying the LNG composition is carried out to understand the role of the
percentage of the LNG main components on the cooling system performance.
Two heat §ux levels are considered to carry out the investigation both in case of
a normal heat transfer (low heat §ux) and the deteriorated heat transfer (high
heat §ux), which are the two forced convective heat transfer modes that can
occur when heating a supercritical channel §ow [14�16].

2 NUMERICAL MODEL

Parametric analysis of channel §ows can be successfully made resorting to the
PNS equations which are an approximation of the complete set of Navier�Stokes
equations. Such an approach is considered in the present study: in fact, parab-
olization assumptions can be made for the channel §ows of the present inves-
tigation. The present in-house PNS solver developed by the authors has been
validated against experimental data [10] in conditions similar to those that have
to be analyzed. For the sake of completeness, an introduction of the numerical
model is reported, whereas further details can be found in [10].

Considering a Cartesian reference system for a straight tube, if x is the
streamwise direction and y, z are the transverse directions, the conservative
form of the three-dimensional PNS equations is:

∂Fe
∂x
+
∂Ge
∂y
− ∂Gv

∂y
+
∂He
∂z
− ∂Hv

∂z
=
∂P

∂x
+Q (1)

where the subscripts e and v indicate the Eulerian and viscous §ux vectors,
respectively, after the PNS approximation has been applied. In particular, these
equations have been obtained by neglecting the streamwise viscous §ux vector
and the x derivatives in the transverse viscous §ux vectors (inGv andHv, all the
x derivatives have been neglected). Moreover, the streamwise pressure gradient
is considered as a source term ∂P/∂x and, therefore, pressure does not appear
in the streamwise Eulerian §ux Fe. A further source term vector Q has been
emphasized in Eq. (1) for the sake of generality. The resulting expressions of the
§ux vectors are:
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Fe =





ρu
ρu2

ρuv
ρuw
ρuh0




; Ge =





ρv
ρuv

ρv2 + p
ρvw
ρvh0




; He =





ρw
ρuw
ρvw

ρw2 + p
ρwh0




;

Gv =





0

µ
∂u

∂y
2

3
µ

(
2
∂v

∂y
−
∂w

∂z

)

µ

(
∂v

∂z
+
∂w

∂y

)

uGv,2 + vGv,3 + wGv,4 + k
∂T

∂y





;

Hv =





0

µ
∂u

∂z

µ

(
∂v

∂z
+
∂w

∂y

)

2

3
µ

(
2
∂w

∂z
−
∂v

∂y

)

uHv,2 + vHv,3 + wHv,4 + k
∂T

∂z





where subscripts 2, 3, and 4 indicate the second, the third, and the fourth com-
ponents of vectors, respectively.

Finally, the pressure source term is given by:

P =





0
−p
0
0
0




.

The Reynolds averaged Navier�Stokes (RANS) approach is considered to take
into account the turbulence. The closure is obtained by computation of eddy
viscosity according to the one-equation model of Spalart�Allmaras [17], modi¦ed
to take into account the PNS hypothesis [10]. The di¨usion-convection equation
for the turbulent viscosity is solved together with Eq. (1), in which the turbulent
viscosity and conductivity are added to the molecular values.
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Considering that the system of equations is hyperbolic-parabolic in the
streamwise direction, the numerical solution of Eq. (1) can be obtained using
a space-marching method. The present space-marching method relies on a ¦nite
volume scheme in which the unknown Fe §uxes are integrated in the x direc-
tion with Euler explicit scheme once the Ge, Gv, He, and Hv §uxes have been
evaluated at the cell interfaces. The Riemann solver is a modi¦ed version of the
Roe£s approximate Riemann solver [18] for Eq. (1) with generic EoS:

h = h(p, ρ) ; T = T (p, ρ) ; . . .

where h is the enthalpy; T is the temperature; p is the pressure; and ρ is the
density.
To make this integration possible, the pressure source term has to be known.

In fact, one of the critical aspects of the use of PNS approach in channel §ows
is how to compute the streamwise pressure gradient, which has to be evaluated
at each integration step. The assumed closure in the present approach is that of
evaluating the ∂P/∂x term in Eq. (1) with the iteration process, which ¦nds the
value of ∂P/∂x such that the conservation of the integral momentum equation
at each integration step along the channel length is satis¦ed [10].

3 MIXTURE MODELS

3.1 Equation of State

The most recent and reliable EoS applicable to LNG is that presented in the
GERG study [11], which has been built especially to describe natural gas mix-
tures. The GERG EoS is based on the Helmholtz free energy, which takes into
account the real behavior of §uids with some kind of departure function from
the perfect gas solution. In particular, the GERG EoS is based on the pure
substance EoS for each considered mixture component and correlation equations
for binary mixtures consisting of these components. Mixing rules are applied to
the reduced Helmholtz free energy a:

a(δ, τ, x) =
A

RT
= a0(ρ, T, x) + ar(δ, τ, x) (2)

with ρ and T being, respectively, the mixture density and temperature, R be-
ing the gas constant, A being the mass speci¦c Helmholtz free energy, and x
= (x1, x2, . . . , xN ) being the molar composition. The perfect gas term is given
by the following expression:

a0(ρ, T, x) =

N∑

i=1

xi[a
0
i (ρ, T ) + ln xi] (3)
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where the terms a0i (ρ, T ) are the Helmholtz free energy EoS for each of the con-
sidered species, for which explicit expressions can be found in [11]. On the other
side, the residual term ar in Eq. (2), which corrects in the real §uid regime the
perfect gas term a0, includes both the departure Helmholtz free energy of each
species ari , whose expressions are given in [11] and which are linearly combined
using the mole fraction xi, and the residual behavior of the mixture (the double
summation is called departure function):

ar(δ, τ, x) =

N∑

i=1

xia
r
i (δ, τ) +

N−1∑

i=1

N∑

j=i+1

xixjFija
r
ij(δ, τ) (4)

where reduced mixture density δ and reduced mixture temperature τ are de-
¦ned as

δ =
ρ

ρr(x)
; τ =

Tr(x)

T
.

The reducing parameters do not correspond with the mixture critical parameters,
rather they are combinations of the critical parameters of the single species and
are expressed as follows:

1

ρr(x)
=

N∑
i=1

x2i
1

ρc,i

+
N−1∑
i=1

N∑
j=i+1

2xixjβν,ijγν,ij
xi + xj

β2ν,ijxi + xj
· 1
8

(
1

ρ
1/3
c,i

+
1

ρ
1/3
c,j

)3
;

Tr(x) =
N∑
i=1

x2iTc,i +
N−1∑
i=1

N∑
j=i+1

2xixjβT,ijγT,ij
xi + xj

β2T,ijxi + xj
(Tc,iTc,j)

0.5 .





(5)

In Eqs. (5), Tc,i and ρc,i are the critical temperature and density of the ith
species, whereas βν,ij , γν,ij , βT,ij , and γν,ij are the binary parameters relating
the species i and j. Further details and the values of coe©cients included in
Eqs. (2)�(5) can be found in [11]. The fundamental EoS describing the Helmholtz
free energy as a function of temperature and density, with its derivatives, is
su©cient to provide a complete description of the thermodynamic properties of
the mixture. Once the EoS for the reduced Helmholtz free energy is available, the
other thermodynamic properties of the mixture (the compressibility factor, the
pressure, the enthalpy, speci¦c heats, etc.) can be obtained from its derivatives
with respect to reduced temperature and density. The range of validity of GERG
EoS covers temperatures in the range 60 ≤ T ≤ 700 K and pressures lower than
70 MPa, with an uncertainty in density lower than 0.5%.
As a validation of the present EoS, the evolution of the speci¦c heat at

constant pressure cp with temperature, for di¨erent pressures, has been compared
in Fig. 1a with data obtained by REFPROP software of the National Institute
of Technology (NIST) [19], for a speci¦ed LNG mixture, showing a very good
agreement.
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Figure 1 Comparison between present models (1) and NIST data (2) for an LNG
mixture, for di¨erent pressures (6, 8, 10, and 13 MPa); LNG composition: xCH4 = 0.92,
xC2H6 = 0.04, xC3H8 = 0.022, and xN2 = 0.018: (a) speci¦c heat at constant pressure;
and (b) dynamic viscosity

3.2 Transport Properties

The most commonly used approach followed in the literature to get viscosity and
thermal conductivity of real §uid mixtures is the ECS theory. In the present
study, transport properties have been evaluated according to ECS theory pre-
sented in [12, 13]. Following this approach, viscosity and thermal conductivity
are accurately evaluated for a reference §uid which is nitrogen (N2), and whose
properties are taken from [20]. The viscosity of a real §uid mixture is expressed
assuming an excess property behavior [21]:

µ = µ0(T, x) + µr(T, ρ, x)

where µ0 is the diluted gas term and µr is the residual viscosity. The basic
assumption of the ECS model is that

µr(T, ρ, x) = µr0(T0, ρ0)F
r
µ ,

namely, the residual viscosity of the mixture is equal to the residual viscosity of
the reference §uid µr0 evaluated at the conformal temperature T0 and density ρ0
and modi¦ed for the correction factor F rµ . Assuming that the residual viscosity
of the reference §uid as a function of temperature and density is known, it is
only necessary to evaluate conformal temperature and density and the reducing
factor F rµ . The conformal temperature and density are de¦ned such that

ar(T, ρ, x) = ar0(T0, ρ0) ; Z(T, ρ, x) = Z0(T0, ρ0)

where ar is the residual part of the reduced Helmholtz free energy (a = A/(RT ))
and Z is the compressibility factor of the mixture, whereas ar0 and Z0 are the
corresponding functions for the reference §uid.

191



PROGRESS IN PROPULSION PHYSICS

The evaluation of thermal conductivity follows the same procedure as for vis-
cosity. In general the thermal conductivity of the §uid mixture will be expressed
as [22]

k = k0(T, x) + kr(T, ρ, x) + kc(T, ρ, x)

where k0 is the diluted gas term; kr is the residual viscosity; and kc is the
so-called critical enhancement which allows to predict the thermal conductivity
peak in the vicinity of the critical point. The basic assumption of the ECS model
is as in the case of viscosity:

kr(T, ρ, x) = kr0(T0, ρ0)F
r
k ,

namely, the residual thermal conductivity of the mixture is equal to the resid-
ual thermal conductivity of the reference §uid kr0 evaluated at the conformal
temperature T0 and the density ρ0 and modi¦ed for the correction factor F

r
k .

Finally, the conductivity critical enhancement has been evaluated according to
the model presented in [23].

For the dilute gas part, viscosity and thermal conductivity expressions for
methane, ethane, and nitrogen are taken from [24], according to the empiri-
cal relations provided in [25, 26]. The dependence of transport properties on
temperature is as follows:

µ0i (T ) = 10
−7 exp

[
aµ,1,i log(T ) + aµ,2,iT

−1 + aµ,3,iT
−2 + aµ,4,i

]
;

k0i (T ) = 10
−4 exp

[
ak,1,i log(T ) + ak,2,iT

−1 + ak,3,iT
−2 + ak,4,i

]

where the coe©cients aµ,i and ak,i are taken from [26]. Once the data for the
species are available, perfect gas mixture viscosity µ0 and thermal conductivity
k0 are computed according to [24] as

µ0(T, x) =
N∑

i=1

xiµ
0
i


xi +

N∑

i=1
j 6=i

xjφij




−1

;

k0(T, x) =

N∑

i=1

xik
0
i


xi +

N∑

i=1
j 6=i

xjψij




−1

where the coe©cients φij depend on the values of µi and µj and on the molar
weights Wi and Wj of the species:

φij =
1

2
√
2

[
1 +

(
µi
µj

)1/2 (
Wj

Wi

)1/4]2(
1 +

Wi

Wj

)−1/2
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and the coe©cients ψij necessary to evaluate the thermal conductivity are com-
puted by a suitable correction of φij :

ψij = φij

[
1 +
2.41 (Wi −Wj)(Wi − 0.142Wj)

(Wi +Wj)
2

]
.

The data for propane are not available in [25, 26]. Hence, the dilute gas part
of the viscosity model presented in [27] and of the thermal conductivity model
presented in [28] have been considered to evaluate µi,0 and ki,0 for propane.
As a validation of the present transport property models, the evolution of

the dynamic viscosity with the temperature, for di¨erent pressures, has been
compared in Fig. 1b with data obtained by REFPROP software of the NIST [19],
for a speci¦ed LNG mixture, showing a very good agreement.

4 TEST CASE PARAMETERS

4.1 Geometry and Boundary Conditions

To investigate the in§uence of the LNG composition on its heat transfer proper-
ties, di¨erent numerical simulations have been carried out on a 2D axisymmetric
geometry, that is a straight channel with a circular cross section of the diameter
D = 4 mm. In Fig. 2, a schematic of the test case with the enforced boundary
conditions is shown: in the ¦rst 100 diameters no heat §ux is applied so as to
obtain a developed §ow before heating in the last 200 diameters with a constant
heat load of 5 or 7 MW/m2. For each heat §ux level, the parametric study has
been carried out keeping constant the following parameters: the inlet pressure
pin = 13 MPa; the inlet temperature Tin = 118 K; and the mass §ow rate per
unit area G = 8500 kg/s/m2. The corresponding inlet Reynolds number, based

Figure 2 Schematic of the computational domain with the enforced boundary con-
ditions (not to scale)
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on the diameter, is in the range 1.5 ·105�3 ·105 and depends on the coolant com-
position. Both the geometry and the boundary conditions have been selected to
get typical thermodynamic conditions of a rocket engine cooling channel. In par-
ticular, the work of Schu¨ et al. [1] has been used as a reference for this purpose.
Note that the two heat §ux levels have been chosen aiming to study the in§uence
of LNG composition for the normal or deteriorated heat transfer [14�16].
The adopted mesh has 52 cells in the transverse direction, which are clustered

towards the wall to describe also the viscous sublayer. In particular, the ¦rst
cell to the wall has the height, in wall coordinates, smaller than one (y+ < 1).

4.2 Liqui¦ed Natural Gas Compositions

The LNG is natural gas that has been con-

Table 1 The LNG composition
range [5, 6, 31�36]

Species Content

CH4 80%�99%
C2H6 1%�17%
C3H8 0.1%�5%
C4H10 0.1%�2%
C5H12 and heavier ≤ 1%
N2 0%�5%

densed to a liquid through a cooling process.
Natural gas composition varies with its source
(the location and the climate) and the pro-
cessing history. Raw natural gas is a mixture
of up to 21 components: methane (CH4) is
the primary component with a molar fraction
of at least 80%. Among the other compo-
nents there are heavier hydrocarbons (ethane
(C2H6), propane (C3H8), etc.), carbon diox-
ide (CO2), nitrogen (N2), and water
(H2O) [29, 30]. Before the liquefaction pro-

cess starts, hydrates, CO2, and other components that will freeze are removed.
Also, hydrogen sulphide (H2S) and mercury (Hg) are removed to ensure that the
gas is neither corrosive nor toxic [11]. The LNG composition will depend on the
quality speci¦cation, and is quite variable around the world, but in general the
main components molar fractions vary in the ranges reported in Table 1 [5, 6,
31�36]: in the present study the heaviest hydrocarbon that has been considered
is propane. Considering the ranges listed in Table 1, the compositions of Table 2
have been used for a ¦rst set of numerical simulations. The isobaric evolution
with temperature of density, speci¦c heat at constant pressure cp, the dynamic
viscosity µ and thermal conductivity k are shown for the mixtures of Table 2 in
Fig. 3 (these graphics have been obtained with the models presented in section 3).
Also, pure methane curves have been reported for the sake of comparison. The
temperature range goes from low subcritical to high supercritical values, whereas
the inlet pressure is 13 MPa which corresponds to a supercritical value for all
the mixtures. From a qualitative point of view, the curves of Fig. 3 are similar
to each other but in fact there are di¨erences as large as 20%. The purpose of
the work is to investigate precisely how these di¨erences could in§uence a heated
channel §ow.
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Table 2 Molar fractions of the species in dif-
ferent LNG mixtures [5, 6, 31�36]

Mixture CH4 C2H6 C3H8 N2
MIX 1 92% 4.0% 2.2% 1.8%
MIX 2 86% 9.5% 4.0% 0.5%
MIX 3 93% 5.0% 1.5% 0.5%
MIX 4 88% 5.0% 2.0% 5.0%

Figure 3 Speci¦c heat at constant pressure (a) and dynamic viscosity (b) at the
di¨erent LNG compositions of Table 2 for p = 13 MPa: 1 ¡ CH4; 2 ¡ MIX 1; 3 ¡
MIX 2; 4 ¡ MIX 3; and 5 ¡ MIX 4

The mixtures of Table 2 are only representative of the typical LNG com-
position and do not give a complete overview. A better understanding of LNG
behavior for varying composition can be obtained analyzing the in§uence of each
species taken individually as the nonmethane part of the LNG mixture. To reach
this goal, di¨erent binary mixtures CH4�X are taken into consideration, where
X is either ethane, or propane, or nitrogen. For each of the three binary mix-
tures four compositions have been considered with methane molar fraction being
80%, 85%, 90%, and 95%.

5 RESULTS

5.1 Lique¦ed Natural Gas Mixtures

The results obtained for the heated channel §ow considering LNG compositions
of Table 2 are shown in Fig. 4 for both the investigated heat §uxes (5 and
7 MW/m2). Before analyzing the results, it has to be noted that the inlet bulk
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total pressure p0 is slightly di¨erent for the di¨erent compositions: this is due
to the fact that the static pressure, the static temperature, and the mass §ow
rate are the same for all the cases; hence, the inlet density and the inlet velocity
di¨er and thus p0. In particular, inlet velocity of pure methane is greater than
that of the LNG mixtures which are characterized by a greater density.

The results are shown only for the heated part of the channel. In fact,
the adiabatic part of the channel is needed only to obtain a developed §ow
before heating but the attention is focused on the heated part. Moreover, in the
adiabatic part, being the supercritical §uid at very low temperature and thus
similar to a liquid, the properties remain roughly constant.

The drop of the bulk total pressure with respect to the inlet total pressure
is shown in Fig. 4a. For the higher heat §ux, the pressure drops are greater
as could be expected. On the other hand, for each heat §ux the curves are
similar for all the LNG compositions but the values are slightly di¨erent. The
greater total drop is found for the methane case, whereas the drops for the
LNG mixture cases are 5% to 10% smaller for both the heat §uxes. Reducing

Figure 4 Heated channel §ow with the di¨erent LNG compositions of Table 2 (1 ¡
CH4; 2 ¡ MIX 1; 3 ¡ MIX 2; 4 ¡ MIX 3; and 5 ¡ MIX 4): (a) bulk total pressure;
(b) bulk temperature; (c) wall temperature; and (d) convective heat transfer coe©cient
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the pressure drops in the cooling channels is one of the main aspects in the
design phase: for an assigned chamber pressure that has to be reached, the
losses in the cooling channels in§uence the turbopump design and, hence, all the
system. From this point of view, the lower pressure drops of the LNG mixtures
compared to methane can be considered a positive property of LNG. Bulk and
wall temperatures are reported in Figs. 4b and 4c. In the adiabatic part not
shown here, the temperatures can be considered constant. Moreover, the inlet
temperature is one of the parameters set equal for all the test cases and for this
reason all the temperature curves start from the same point in these ¦gures. For
the lowest heat §ux, a normal heat transfer occurs. Due to the heat load, the
total enthalpy increase in the heated part of channel results in an increase in both
the static enthalpy (and, hence, the static temperature) and in the velocity. For a
given heat §ux, being all the test cases characterized by the same mass §ow rate,
the increase in the total enthalpy can also be considered as a ¦xed parameter of
the analysis. As a consequence, di¨erent temperature increases can be related
to the di¨erences in the thermodynamic and transport properties. Among the
investigated mixtures in Fig. 4, the smaller increase in the bulk temperature is
found for methane and this is primarily due to its greater cp: bulk temperature
for the LNG compositions are 3% to 7% greater. Also, the wall temperature is
smaller for pure methane: at the channel exit, the LNG wall temperature is 4%
to 8% greater than the methane one.
To describe the relation between T , Tw, and the heat transfer capabilities,

the convective heat transfer coe©cient hc, de¦ned as

hc =
qw

Tw − T
,

is reported in Fig. 4d. This coe©cient is useful to compare the heat transfer
e©ciency of di¨erent coolant §ows. In fact, for an assigned temperature di¨er-
ence (Tw − T ), the greater hc the higher the heat §ux towards the coolant §ow,
or for an assigned heat §ux and bulk temperature, the higher hc the lower the
corresponding Tw, which is a critical quantity that has to satisfy the cooling
system constraints. The limit to the higher acceptable Tw is set by either struc-
tural requirements or thermal cracking temperature, depending both on the used
propellant and on the wall channel material features.
In the present discussion, when comparing di¨erent compositions for the same

heat §ux, hc is, in fact, the di¨erence between the wall and the bulk tempera-
tures. The hc curves of Fig. 4d show that among the investigated compositions,
the pure methane case has always the greater hc along the channel; it can be
concluded that in the present conditions, the heat transfer e©ciency decreases
passing from pure methane to LNG. For the highest heat §ux, a deterioration
of the heat transfer occurs. In fact, the wall temperature has a peak which
corresponds with a minimum in the heat transfer coe©cient. From a quanti-
tative point of view, the percentage di¨erences between pure methane and the
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LNG mixtures are of the same order of magnitude as those observed for the
normal heat transfer case (qw = 5 MW/m

2). Namely, the di¨erences are up
to 8% for the temperatures. Despite that, it has to be considered that in the
wall temperature peak region an increment of 8% could be important in terms
of absolute values. As can be observed in Fig. 4c, the di¨erence in the peak
value of the wall temperature are up to 60 K between pure methane and LNG
mixtures.
As a matter of fact, from the results presented in Fig. 4, it can be inferred

that LNG composition in§uences both the pressure drop and the heat transfer
behavior and this cannot be neglected in the design of a regenerative cooling
system.

5.2 Binary Mixtures: CH4�N2, CH4�C2H6, and CH4�C3H8

As seen from the above results, only major di¨erences between pure methane and
LNG can be put in evidence and it is di©cult to compare the LNG compositions
to each other. On the contrary, the numerical simulations carried out with the
binary mixtures presented in subsection 4.2 are useful to understand the role
of each species in the LNG heat transfer behavior. The results of the binary
mixtures are summarized in Fig. 5 for both the investigated heat §uxes: the
graphics depict the total bulk pressure drop –p0 between the outlet and the
inlet of the channel and the maximum wall temperature Tw,max reached along
the channel as a function of the methane molar fraction in the binary mixture.
A ¦rst comment to Fig. 5 is that nitrogen binary mixtures behave di¨erently
than the others for both the heat §ux levels: this could be expected because of
the di¨erence in the thermophysical properties (cp, µ, k) of nitrogen if compared

Figure 5 Total bulk pressure drop (a) and maximum wall temperature (b) for three
di¨erent binary mixtures CH4�X with xCH4 methane percentage molar fraction: 1 ¡
C2H6; 2 ¡ C3H8; and 3 ¡ N2
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Figure 6 Evolution along the channel length of the wall shear stress for CH4�C3H8 (a)
and CH4�N2 (b) binary mixtures, for qw = 7 MW/m

2: 1 ¡ 100%CH4; 2 ¡ 95%CH4;
3 ¡ 90%CH4; 4 ¡ 85%CH4; and 5 ¡ 80%CH4

with the other investigated species which are hydrocarbons similar to methane.
The –p0 increases with the nitrogen molar fraction, whereas it decreases with
ethane and propane molar fractions. To understand the di¨erent –p0 trends, it
is useful to analyze the behavior of the wall shear stress τw shown in Fig. 6 for
the qw = 7 MW/m

2 test case: for propane mixtures (this is true also for ethane
mixtures), τw decreases with the methane molar fraction. On the other hand, a
di¨erent situation is observed for the nitrogen binary mixtures in the last part
of the heated channel, where τw is greater for the mixtures with more nitrogen.
Finally, with regard to the total pressure drop, Fig. 5a shows that for the same
methane molar fraction, the binary mixtures with ethane give a –p0 closer to
the pure methane than the other mixtures.

To analyze the heat transfer behavior, it is worthwhile to distinguish between
the two heat §ux levels investigated. As can be observed in Fig. 7, for all the
binary mixtures, for qw = 5 MW/m

2, a normal heat transfer occurs, whereas for
qw = 7 MW/m

2, the heat transfer is deteriorated. For the normal heat transfer
case, the maximum wall temperature reported in Fig. 5b is reached at the end
of the channel and always increases moving away from pure methane for all the
binary mixtures. Also, for the heat transfer characteristics, nitrogen mixtures
behave di¨erently from the others. Nevertheless, the in§uence of the nitrogen
molar fraction is clearly greater: the wall temperature di¨erence with respect
to the pure methane is about 30% for the 20% nitrogen case, whereas it is only
4% and 6% for the 20% ethane and 20% propane cases, respectively. The fact
that methane is more e©cient as a coolant than the investigated mixtures is also
illustrated in Fig. 8: for qw = 5 MW/m

2, hc of pure methane is the greatest
all along the channel. Moreover, nitrogen mixtures show the lower cooling ca-
pabilities which explain the corresponding greater increase in the temperature if
compared with ethane and propane mixtures (see Fig. 5b).
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Figure 7 Evolution along the channel length of the wall temperature for CH4�
C2H6 (a), CH4�C3H8 (b), and CH4�N2 (c) binary mixtures: 1 ¡ 100%CH4; 2 ¡
95%CH4; 3 ¡ 90%CH4; 4 ¡ 85%CH4; and 5 ¡ 80%CH4

For qw = 7 MW/m
2, the results shown in Figs. 7 and 8 give some information

about the in§uence of the LNG composition over the heat transfer deterioration
phenomenon. In particular, it is interesting to observe how the temperature peak
position moves with the composition. Here again nitrogen in§uence is di¨erent
from the propane and ethane in§uences. In fact, increasing of the nitrogen molar
fraction moves the peak upstream and for the 20% nitrogen molar fraction case
the deterioration occurs 60D before than for the pure methane case. Conversely,
increasing of propane and ethane moves the peak temperature downstream up
to 12D and 20D for the 20% ethane and propane cases, respectively. This means
that with nitrogen molar fraction increasing, a lower total heat load is su©cient
for deterioration to occur, whereas increasing propane or ethane, a higher total
heat load must be absorbed by the coolant for the phenomenon to occur. The
percentage di¨erences in the wall temperature are of the same order than those
obtained for qw = 5 MW/m

2 except that the maximum wall temperature is
reached when the wall temperature exhibits a peak. However, this brings to a
wall temperature peak for the 20% nitrogen case which is 200 K greater than
the pure methane one and reaches values as high as 1000 K.
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Figure 8 Evolution along the channel length of the heat transfer coe©cient for CH4�
C2H6 (a), CH4�C3H8 (b), and CH4�N2 (c) binary mixtures: 1 ¡ 100%CH4; 2 ¡
95%CH4; 3 ¡ 90%CH4; 4 ¡ 85%CH4; and 5 ¡ 80%CH4

On the contrary, the di¨erences in the wall temperature peak values between
ethane-methane and propane�methane mixtures are within 10 K. Moreover, the
increasing of the propane or ethane molar fraction seems to a¨ect less and less
the deterioration. The peak temperature even slightly decreases passing form
the 15% to the 20% propane cases as can be observed in Fig. 5b. The same
conclusions can be made observing the heat transfer coe©cient in Fig. 8. For
all the cases, the minimum hc takes place at the same abscissa as the wall
temperature peak. It can be concluded that the increasing of the nitrogen molar
fraction strongly reduces the hc, whereas the presence of ethane and propane
just slightly a¨ects it, both from the qualitative and quantitative point of view.

6 CONCLUDING REMARKS

A parametric numerical study has been carried out to evaluate the in§uence of
the LNG composition on the heat transfer behavior in the cooling channels of a
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regeneratively cooled liquid rocket engine. A suitable and fast numerical tool has
been used for this purpose that is a PNS solver developed by the authors and
validated against experimental data. Methane, ethane, propane and nitrogen
have been considered as components of LNG mixtures for which transport and
thermodynamic properties have been modeled using suitable mixture rules. The
2D axisymmetric test case of all the simulations was a straight channel with a
circular cross section, uniformly heated. Comparisons have been made between
di¨erent typical LNG compositions, and also between binary mixtures to inves-
tigate the e¨ect of each species besides methane. Both normal and deteriorated
heat transfer conditions have been taken into consideration. The bulk total pres-
sure drop through the channel has been analyzed: ethane and propane diminish
it, and propane more than ethane.

On the contrary, the increasing of the molar fraction of nitrogen causes an
increase in the total pressure drop. Nevertheless, due to the low amount of
nitrogen typically present in LNG and, hence, in the analyzed compositions
in the present study, the total pressure drop is greater for methane than for
LNG. The investigation on the cooling capabilities has put in evidence a great
in§uence of nitrogen: the increasing of the nitrogen molar fraction causes a
clear increase in the wall temperature both for the normal and deteriorated heat
transfer cases. Also, the presence of ethane and propane slightly reduces the
heat transfer capabilities of the coolant §ow.

The study has also permitted to emphasize the in§uence of the LNG compo-
sition over the heat transfer deterioration phenomenon. In particular, it has been
shown that, with the nitrogen molar fraction increasing, the temperature peak
increases and moves upstream, whereas increasing the propane or ethane molar
fraction the peak temperature moves downstream and eventually just slightly
increases in value.
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