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Abstract

A numerical study is reported to investigate the liquid film cooling in a rocket combustion chamber. Mass, momen-
tum and heat transfer characteristics through the interface are considered in detail. A marching procedure is employed
for solution of the respective governing equations for the liquid film and gas stream together. The standard turbulence
k–e model is used to simulate the turbulence gas flow and a modified van Driest model is adopted to simulate the tur-
bulent liquid film flow. Radiation of gas stream is also considered and simulated with the flux model. Downstream of
the liquid film the gaseous film cooling is numerically studied simultaneously. Results are presented for a mixed gases–
water system under different condition. Various effects on the liquid film length are examined in detail. There is a good
agreement between the numerical prediction and experimental result on the liquid film length.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Liquid film cooling provides an attractive means of
protecting the surface of combustion chamber wall from
thermal damage of a hot gas stream. A thin continuous
liquid layer is injected between the wall surface and the
hot gas stream and forms an annular flow as showed in
Fig. 1. Heat transfers from the hot gases stream to the
liquid film by both radiation and convection. This en-
ergy is absorbed in heating and vaporizing the liquid
in the protective film on the wall.

The studies of liquid film cooling have been carried
out by a number of investigators. Examples include
the investigation of the physical characteristics of the
gas–liquid interface such as interfacial structure and film
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instability [1,2]. Some experiment and analysis results
have been reported in [3–6]. In these predictions the de-
tails of transport process in the boundary layer have not
been taken into account.

The application of the liquid film cooling is generally
related to high rates of heat transfer and evaporation of
liquid film at the interface. The laminar and turbulent
forced convection boundary layer type air–vapor flows
over a vaporizing liquid film on a flat plate or in a tube
have been numerically studied [7–10]. In these analyses,
the liquid film on the wetted wall was assumed to be ex-
tremely thin so that its thickness is neglected and it is
only regarded as a boundary condition for the heat
and mass transfer.

The effects of the momentum and energy transports
in the liquid film on the heat and mass transfer in the
gas flow have been considered in the studies of Shemb-
harkar and Pai [11], Baumann and Thiele [12] and He
et al. [13]. In these investigations some assumptions
ed.
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Nomenclature

c mass fraction of vapor
cp specific heat, J kg K�1

D mass diffusivity, m2 s�1

k turbulent kinetic energy, m2 s�2

_mI interfacial mass flux, kg m�2 s�1

Ma molar mass of air, kg mol�1 K�1

Mv molar mass of vapor, kg mol�1 K�1

p mixture pressure, Pa
Pr Prandtl number
r coordinate in r-direction, m
Sr source of radiation, W m�3

T temperature, K
u axial velocity, m s�1

v radial velocity, m s�1

x axial coordinate, m

Greek symbols

e the rate of the dissipation of turbulent
energy, m2 s�3

C0 inlet liquid mass flow, kg m�1 s�1

d local liquid film thickness, m
c latent heat of vaporization, J kg�1

k thermal conductivity, W m�1 K�1

g dynamic viscosity, kg m�1 s�1

m kinematics viscosity, m2 s�1

q density, kg m�3

Subscripts

0 condition at inlet
a gas
G mixture (gas + vapor)
I condition at gas–liquid interface
L liquid film
out outer coolant
r radiation
t turbulent
v of vapor

( )xδ
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Fig. 1. Schematic diagram of the physical system.
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made by Nusselt [14] for the analysis of film condensa-
tion were adopted to simplify the treatment about the
transports in the liquid film. The more detailed analyses
of the transport processes in the liquid film were per-
formed by some investigators [15–19]. In all these stud-
ies, the flow in the liquid film was assumed to be very
low such that the inertia term of the liquid film was
neglected.

In the process of liquid film cooling, the Reynolds
number (Rel = 4C0/g) of the liquid film flow in the en-
trance is generally much greater than the critical value
of 1500 for laminar condition quoted by Ueda and
Tanaka [1]. However, in all the above investigations
the flow was assumed to be laminar. The effects of turbu-
lence of the liquid film on the momentum and energy
transfers in the liquid film were analyzed by Yih and
Liu [20]. Similar studies were carried out by Yan [21],
Yan and Soong [22,23], Yan [24], Fedorov et al. [9]
and He et al. [13]. In the study of Yan [21], the flow in
the gas stream was assumed to be laminar, while in the
study of Yan and Soong [22,23] the inertia term in the
momentum equation of liquid film was neglected. In
the turbulent studies mentioned above, the gas stream
Reynolds number is not very high, usually in the order
of 104–105, hence the laminar sublayer is not thin. Thus
the low-Reynolds number k–e turbulence model which
requires enough grid points to be arranged in the sub-
layer was applied to simulate the turbulent gas flow.
For the case of gas flow in a rocket combustion cham-
ber, the Reynolds-number of the gas flow is very high,
often up to 107 or higher. In such situation, the low-Rey-
nolds number turbulent model is too expensive to be
used because the very thin laminar sublayer will require
tremendous grid points in radial direction. Instead, a
standard k–e modal with wall-function strategies will
be practical and applicable.

The studies of [21–24] all focused on the heat and
mass transfer at the interface. Neither the effects of the
radiation nor the external cooling was considered.
Moreover, the gas temperature and pressure were too
low to reveal truly the huge heat flux characteristics of
the gases in a practical combustion chamber. In practical
situations, temperature of the gases in the combustion
chamber is so high that the radiation and gas disso-
ciation should not be neglected. Furthermore, the



H.W. Zhang et al. / International Journal of Heat and Mass Transfer 49 (2006) 349–358 351
transpiration of vapor from the liquid film decreases the
normally expected convective flux that makes the radia-
tion being more significant. Therefore the influence of
radiation on the film cooling should be taken into ac-
count together with the convective heat transfer. The
external cooling, whose effects on the rocket combustion
chamber heat transfer are important, is also considered
in the present paper. The liquid film cooling length is
an important parameter for liquid film cooling design
in a rocket combustion chamber and is another major
concern of this paper, on which not enough attention
had been paid in Refs. [21–24]. Thus the results obtained
in [21–24] are not good enough to describe the actual
performance of liquid film in a practical combustion
chamber.

In the present study, attention is mainly concentrated
on the phenomena that characterize the exchange of
heat and mass transfer between a hot gas stream and a
thin liquid film. The effects of gaseous radiation, external
cooling and high temperature and high pressure of gases
are all taken into account to reveal the characteristics of
liquid film cooling in a rocket combustion chamber. In
the following, the physical and numerical model will first
be presented, followed by the turbulence model and
radiation model. Then the determination of the gas ther-
mophysical properties and numerical approach will be
described. In the presentation of the numerical results,
a comparison between present numerical prediction
and the data available in the literature will first be pro-
vided, followed by the discussion of local heat flux, local
wall temperature distribution, the effects of Reynolds
number and the external cooling condition on the
length of liquid film. Finally some conclusions will be
drawn.
R�d 0
2. Mathematical formulation

2.1. Physical model and assumptions

Consider a liquid film cooling in a combustion cham-
ber shown schematically in Fig. 1. The thin liquid film is
fed with inlet liquid temperature TL0 and inlet coolant
flow rate C0. The walls are either thermally insulated
or cooled by regeneration cooling. The mixture gases
flow enters the chamber with a fully developed velocity
profile u0(r), uniform temperature T0 and concentration
c0. The transport processes are considered steady and
the flow is incompressible. In order to concentrate our
attention on the most important factors and neglect
some secondary effects the following additional assump-
tions are made in our analysis.

(1) Combustion process is completed instantaneously
and sufficiently, and the free stream gas consists of
the combustion products of fuel/oxygen.
(2) Viscous dissipation effect is negligible.
(3) The gas–liquid interface is at the state of thermo-

dynamic equilibrium.
(4) The axial diffusion and radiation are neglected

in comparison with the radial diffusion and
radiation.

(5) The gas–liquid interface is smooth and waveless.

2.2. Governing equations

The time-averaged Navier–Stokes equations for the
incompressible steady two-dimensional parabolic type
flow in the cylindrical coordinates can be written as
follows:

Continuity equation of the liquid film

ð1=rÞoðrqLvLÞ=or þ oðqLuLÞ=ox ¼ 0 ð1Þ

Axial momentum equation of the liquid film

ð1=rÞoðrqLvLuLÞ=or þ oðqLuLuLÞ=ox
¼ �dp=dxþ ð1=rÞoðrðgL þ gLtÞouL=orÞ=or ð2Þ

Energy equation of the liquid film

ð1=rÞoðrqLcpLvLT LÞ=or þ oðqLcpLuLT LÞ=ox
¼ ð1=rÞoðrðkþ kLtÞoT L=orÞ=or ð3Þ

Continuity equation of the gas flow

ð1=rÞoðrqGvGÞ=or þ oðqGuGÞ=ox ¼ 0 ð4Þ

Axial momentum equation of the gas flow

ð1=rÞoðrqGvGuGÞ=or þ oðqGuGuGÞ=ox
¼ �dp=dxþ ð1=rÞoðrðgG þ gGtÞouG=orÞ=or ð5Þ

Energy equation of the gas flow

ð1=rÞoðrqGcpGvGTGÞ=or þ oðqGcpGuGTGÞ=ox
¼ ð1=rÞoðrðkG þ kGtÞoTG=orÞ=or

þ qGDðcpv � cpaÞ=cpGoTG=oroc=or þ Sr ð6Þ

Concentration equation of vapor

ð1=rÞoðrqGvGcÞ=or þ oðqGuGcÞ=ox
¼ ð1=rÞoðrqGðDþ DtÞoc=orÞ=or ð7Þ

At every axial location, the overall mass balance be-
tween the gas flow and liquid film should be satisfied:

qGu0ðR� d0Þ2=2 ¼
Z R�d

0

rqGuG dr þ
Z x

0

qGvI dx ð8Þ

C0 ¼
Z R

ðrqudrÞL �
Z x

qGvI dx ð9Þ
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2.3. Boundary conditions

x ¼ 0 : uG ¼ uG0; TG ¼ TG0; c ¼ c0;

uL ¼ uL0; T L ¼ T L0 ð10Þ
r ¼ 0 : ouG=or ¼ 0; oc=or ¼ 0;

vG ¼ 0; oTG=or ¼ 0 ð11Þ
r ¼ R : uL ¼ 0; vL ¼ 0;

ðkL þ kLtÞoT L=or ¼ hðT w � T outÞ ð12Þ
2.4. Interfacial matching conditions

(a) Continuities of velocity and temperature
uIðxÞ ¼ uG;I ¼ uL;I; T IðxÞ ¼ TG;I ¼ T L;I ð13Þ
(b) Continuity of shear stress
sI ¼ ½ðgþ gtÞou=or�G;I ¼ ½ðgþ gtÞou=or�L;I ð14Þ
(c) Interface radial velocity
The radial velocity component is non-zero due

to the generation of vapor at the interface. Since
the gas–liquid interface is semi-permeable, that
is, the solubility of gas into the water is negligible,
the gas does not move to the interface in radial
direction, and the velocity of the gases–vapor mix-
ture can be calculated by:
vI ¼ �ðDþ DtÞ=ð1� cIÞoc=or ð15Þ
(d) Interface vapor mass fraction
According to assumption (3), the mass fraction

of the vapor can be evaluated by:
cI ¼ MvP v;I=½MaðP � P v;IÞ þMvP v;I� ð16Þ
(e) Mass flux of vaporized liquid into the gas flow
_mI ¼ qGðDþ DtÞ=ð1� cIÞoc=or ð17Þ
(f) Energy balance at the gas–liquid interface
½ðkþ ktÞoT=or�L;I þ qr;I ¼ ½ðkþ ktÞoT=or�G;I þ _mIc

ð18Þ
2.5. Turbulence model

2.5.1. Liquid film turbulence model

To simulate momentum and heat transfer of the
liquid film, a modified Van Driest model proposed by
Yih and Liu [20] is used herein. Similar models have
been applied to analyze momentum and heat transfer
across a turbulent liquid film in some previous studies
[21–23]. The details of the model are presented below:

For y/d 6 0.6

gLt=gL ¼ �0:5þ 0:5f1þ 0:64ðyþÞ2ðs=swÞ
� ½1� expð�yþðs=swÞ1=2=AþÞ�2f 2g1=2 ð19Þ
For 0.6 < y/d 6 1.0

glt ¼ gltjy=d¼0:6 ¼ constant ð20Þ

The turbulent conductivity is written as:

kLt ¼ gLtcpL=Prt ð21Þ
2.5.2. Gas flow turbulence model

For simulation of turbulent flow of the gas, the stan-
dard k–e model is adopted. The transport equations of k
and e are as follows:

ð1=rÞoðrqvkÞ=or þ oðqukÞ=ox
¼ ð1=rÞo½rðgþ gt=rkÞok=or�=or þ gtðou=orÞ

2 � qe

ð22Þ

ð1=rÞoðrqveÞ=or þ oðqueÞ=ox
¼ ð1=rÞo½rðgþ gt=reÞoe=or�=or

þ C1ðe=kÞgtðou=orÞ
2 � C2qe

2=k ð23Þ

where gt = qClk
2/e and Cl = 0.09, C1 = 1.4, C2 = 1.8,

rk = 1.0, re = 1.3, rt = 0.9.

2.6. Radiation model

To calculate the radiation of gases, the FLUX model
is adopted [25]. The chamber is assumed to be an infinite
cylinder, so the radiation of axial direction can be ne-
glected. Then the radiation heat flux of radial direction
can be expressed as

dqþr =dr ¼ �ðaþ rsÞqþr þ aEb þ ðrs=2Þðqþr þ q�r Þ
� ðqþr � q�r Þ=r ð24Þ

dq�r =dr ¼ ðaþ rsÞq�r � aEb � ðrs=2Þðqþr þ q�r Þ ð25Þ

where qþr and q�r are the radiation heat flux pointing to
the wall and the center respectively.

The boundary condition for the radiation heat flux is
as follows:

r ¼ 0 : qþr ¼ q�r ð26Þ
r ¼ R : q�r;w ¼ ewEbw þ ð1� ewÞqþr;w ð27Þ

The gas radiation heat flux is treated as an additional
source term [26] of the energy governing equation and it
can be expressed by

Sr � Ur ¼ �ð1=rÞdðrqþr � rq�r Þ=dr ð28Þ
2.7. Thermophysical properties

To compare the present results with the experimental
results of Morrell [27], the film cooling with stream of
ternary gases mixture (water vapor–nitrogen–oxygen)
is investigated. The thermophysical properties of the
mixture gases (water vapor, nitrogen and oxygen)



Table 1
Comparisons of Lfilm for various grid arrangements for a typical case

Wall function 1 Wall function 2

I · J · K y+ Lfilm (m) I · J · K y+ Lfilm (m)

200 · 112 · 40 16 0.199 200 · 92 · 40 42 0.187
100 · 102 · 20 23 0.195 100 · 92 · 20 42 0.189
100 · 92 · 20 36.5 0.188 100 · 82 · 20 57 0.191
100 · 82 · 20 57.5 0.177 100 · 72 · 20 78 0.191
50 · 82 · 20 57.5 0.177 50 · 72 · 20 78 0.190

I: total grid points in the axial direction; J: total grid points in the transverse direction at the gas side; K: total grid points in the
transverse direction at the liquid side; y+: averaged value of all the near-wall nodal points dimensionless distance.
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depend on temperature and concentrations. They are
calculated from the pure component data by means of
mixing rules applicable to any multicomponent mixture.
The pure component and phase equilibrium data are
taken from Vargaftik [28] and are approximated by
polynomials in term of temperature for a fixed pressure.
The dynamic viscosity g is computed according to the
formula of Wilke [29], the thermal conductivity k is ex-
pressed with the relation of Lindsay and Bromley [29],
and the diffusion coefficient D of water vapor in the mix-
ture is taken from Hirschfelder [29]. For further details
of the thermophysical properties the work of Reid and
Sherwood [29] can be referred.
3. Solution method

The parabolic type governing equations (1)–(7) are
solved by the finite volume method. The matching con-
dition imposed at the gas–liquid interface, Eq. (18), is
dealt with by using additional source term method
[26]. The axial convection terms are discretized by the
fully implicit scheme and the radial convection and dif-
fusion terms are approximated by the central difference.
Each of the discretized equations forms a tridiagonal
matrix equation, which can be solved by the TDMA.
Radiation equations (24) and (25) are solved by the
fourth-order Runge–Kutta method.

The numerical solution is advanced forward step by
step, and the computational procedure may be summa-
rized as follows:

1. For any axial location x, assume values of dp/dx and
dx.

2. Solve the discretized forms of Eqs. (2) and (5) simul-
taneously for u.

3. Numerically integrate Eqs. (1) and (4) to find v.
4. Solve the discretized forms of Eqs. (3), (6), (7), (22)

and (23) simultaneously for t, c, k, e.
5. Check the mass conservation of both liquid film and

gas flow by examining the satisfaction of Eqs. (8) and
(9). If not, adjust dp/dx and dx and repeat Steps 2–5.
6. Check the satisfaction of the convergence of velocity,
temperature, mass fraction, turbulent kinetic energy
and dissipation. If the relative error between two con-
secutive iterations is less than the specified value,
stop, i.e., if:

maxðj/n
i;j � /n�1

i;j j=j/n
i;jjÞ < e/ ð29Þ

the iteration is regarded convergence, where / repre-
sents the variables u, t, c, k, e. If not, repeat Steps 1–6.

To enhance computational accuracy with given num-
ber of grids, the grids are distributed non-uniformly in
axial and in radial directions in the gases flow region.
The grids are compressed towards the gas–liquid inter-
face and towards the entrance of the chamber.

To obtain grid-independent results, numerical exper-
iments for two different wall functions and several grid
arrangements are performed and a comparison of the li-
quid film length for a typical case is shown in Table 1. It
is found from Table 1 that the numerical results of wall
function 1 [30] are more sensitive to the value of y+ than
wall function 2 [31]. The deviations of the results of wall
function 2 at the two grids systems of 200 · 92 · 40 and
50 · 72 · 20 were always less than 2%. Therefore, the
wall function 2 and the 50 · 72 · 20 grid system are cho-
sen for the subsequent computations.
4. Results and discussion

4.1. Comparison of the present prediction with experiment

In view of the unavailability of recent experimental
data, some experimental data for liquid film cooling in
the rocket combustion chamber reported in early years
[5] is cited and compared in the present study. In the
Morrell�s report [27] detailed experimental data had
been provided, including the liquid film length. Morrell�s
tests were performed in a 4-inch diameter chamber with
liquid–oxygen and ammonia propellants. The liquid
coolant was injected 2.8 inches downstream of the pro-
pellant injector. Water, ethanol and ammonia were



Table 2
Comparisons of Lfilm of measurements and computations for several cases

Case O/F Tg (K) P (atm) G (kg/s m2) C (kg/s m) Lmeas (m) Lcomp (m)

1 1.61 2950 17.4 226 0.269 0.212 0.190
2 1.5 2963 17.0 207 0.209 0.162 0.146
3 1.72 2935 17.5 220 0.128 0.0986 0.0808
4 1.67 2942 17.7 224 0.296 0.217 0.216

O/F: the mass ratio of oxygen to fuel; Tg: the free steam gas temperature; P: pressure of combustion chamber; G: gas mass flow rate per
area; C: liquid coolant mass flow rate per length; Lmeas: the measured liquid film length; Lcomp: the computational liquid film length.
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Fig. 2. Distributions of local convective, radiant, sensible,
latent heat flux along the chamber (h = 0).
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tested as coolants. The ammonia was at super-critical
condition and the liquid coolant flow in all of the etha-
nol tests greatly exceeded Knuth�s critical value for the
formation of large waves in liquid film, hence only the
data about water coolant were adopted here.

A comparison of our computational results with the
experimental data for four typical tests is given in Table
2. From Table 2 it can be found that the relative devia-
tions of the computational liquid film length ranged
from 0.5% to 18%, and the longer the liquid film length,
the less the relative deviation. The more significant devi-
ation for short liquid film length is attributed to the ef-
fects of the inlet on heat transfer. The longer the liquid
film length, the less influence the inlet condition. Our
assumptions of uniform gas inlet temperature and devel-
oped velocity distribution may be different from the test
conditions of Morrell [27]. Since no details were given
for the inlet condition in Morrell�s test data, we are
not able to further improve our computation in this re-
gard. Generally speaking, the agreement of our predic-
tion with Morrell�s data is reasonably good.

4.2. Axial interface heat flux distributions

The axial distributions of convective, radiant, sensi-
ble and latent heat flux (denoted by qc, qr, qs and ql
respectively) at the gas–liquid interface in the liquid film
cooling region with thermally insulated boundary condi-
tion is illustrated in Fig. 2. The graphic results of Fig. 2
show that in the liquid film cooling region the convective
heat flux decreases axially, because of the growth of the
boundary layers of temperature and concentration. The
radiant heat flux also gradually decreases in the flow
direction. This is a direct consequence of the gradual de-
crease of the averaged gases temperature. The sensible
heat flux decreases rapidly in the region near the coolant
injection location and is asymptotically close to zero
along the chamber. This is due to the increasing of the
liquid film temperature and its approaching the interfa-
cial saturated temperature. It is of interest to notice that
the latent heat flux increases axially and reaches the
maximum at the location about x/D = 0.5 and then de-
creases very slowly after this point. This can be under-
stood by noting the total energy balance equation at
the interface, i.e. qc + qr = qs + ql. It is shown in Fig. 2
that before about x/D = 0.5, qs decreases more rapidly
than qc, while the qr decreases very slowly, so ql increases
gradually in this region. After about x/D = 0.5, how-
ever, with the developing of the temperature boundary
layer and the closing of the liquid film temperature to
the saturation temperature, ql decreases very slowly
and almost levels off. Averagely speaking, under the
complicated conditions considered, the radiant heat flux
account for about 30% of convective heat flux, and sen-
sible heat flux account for about 35% of the latent heat
flux.

To reveal the feature of heat transfer in the whole
chamber, the distributions of convective, radiant, sensi-
ble and latent heat flux at the chamber wall after the
liquid film dry-out point (about x/D = 2) are also illus-
trated in Fig. 2. It is obvious that both the sensible
and latent heat flux are equal zero. It is interesting to
notice that in this region convective heat flux becomes
negative and reaches a new balance with radiant flux.
The negative values of convective heat flux indicate that
the direction of the convection heat transfer is from the
chamber wall to the gas near the wall. This is attributed
to the fact that the radiation of the central high temper-
ature gases leads to the increase of the wall temperature,
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whereas the temperature of the mixed gases near the wall
is relatively low because of the evaporation of the liquid
film in the proceeded region. Hence the wall temperature
become higher than the gases temperature near the wall,
which causes the convective heat transfer from chamber
wall to the mixed gases near the wall. It should be noted
that it is the low temperature of the vapor–gas mixture
adjacent to the wall that cool the chamber wall effec-
tively, from which the terminology of ‘‘gaseous film
cooling’’ comes.

To study the effect of regeneration cooling on heat
transfer in the combustion chamber, the Rubin thermal
boundary condition, i.e., the third kind of boundary
condition, is also considered at the outside of the
chamber wall. Fig. 3 shows the axial distributions of
convective, radiant, sensible and latent heat flux at the
gas–liquid interface. All the computational conditions
are the same as that for Fig. 2 except for the thermal
boundary condition at the wall of the chamber. The heat
transfer coefficient of the external cooling was prescribed
as h = 1 · 104 W/(m2 K) in the computation. By com-
paring Fig. 3 with Fig. 2 it can be found that the sensible
heat flux increases evidently. For this case the sensible
heat flux includes two parts, one part is absorbed by
the liquid film, and other part, which takes up great per-
centage of sensible heat flux, transfers to outer coolant
through the wall. The latent heat flux decreases accord-
ingly, because some energy formerly evaporating liquid
film is now lost through the wall. It is interesting to no-
tice that the convection heat transfer increases too. This
demonstrates that enhanced evaporation will restrain
the convection heat transfer and vice versa. In summary,
the total effect of strengthening external cooling on the
liquid film is to reduce its evaporation speed and result-
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Fig. 3. Distributions of local convective, radiant, sensible,
latent heat flux along the chamber (h = 1 · 104 W/m2 K).
ing in increase of the liquid film length. This will be dis-
cussed in detail in following section.

4.3. Distributions of temperature at the wall

and interface

Fig. 4 shows the distribution of temperature at the
interface and wall. It is clearly that there are the same
temperature distributions at the interface for differ-
ent external heat transfer coefficient. At the inlet region
of the chamber the interfacial temperature increases
quickly at first and soon arrives the saturated tempera-
ture of the liquid film. The wall temperature distribution
patterns are similar for different external heat transfer
coefficients with a shorter region of high wall tempera-
ture and lower maximum wall temperature for higher
heat transfer coefficient. As expected, the wall tempera-
ture is always low in the liquid film cooling region and
increases sharply just beyond the point of the dry-out
of liquid film. Though the external cooling strength
has little effect on the wall temperature in the region
where the liquid film exists, it affects the liquid film
length and the maximum wall temperature in the gas
film cooling region.

Fig. 5 shows the wall temperature distribution for
different MB, which is the mass flux ratio of liquid film
to the free stream gas in the entrance location. In this
simulation the mass flux of the free stream gas is con-
stant, the different MB means different mass flux of li-
quid coolant. It illustrates that different mass flux of
liquid film just affects the liquid film length, but has little
effect on the wall temperature distribution both at the
liquid film cooling region and the subsequent gas film
cooling region.
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Fig. 4. Distributions of interfacial temperature and wall
temperature for different external cooling strength.
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4.4. Effect of gas Reynolds number on the liquid film

length

To study the effect of the free stream Reynolds num-
ber on the liquid film length, two different conditions are
considered and the results are shown in Fig. 6. For the
condition that C is equal to constant, it can be clearly
observed that the liquid film length decreases with the
increase of the Reynolds number. This attributes to
the fact that increasing the Reynolds number means
increasing the axial velocity and enhancing the convec-
tion heat transfer, and hence, accelerates the liquid film
evaporation. Accordingly, the liquid film length de-
creases with a given mass flux of the liquid film. For
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Fig. 6. Effects of Reynolds number on the liquid film length for
MB = constant and C = constant.
the condition with an invariable MB, Fig. 6 shows that
the liquid film length increases with the increase of the
Reynolds number. Increase of the liquid film mass flux
with constant MB directly leads to the increase in the
gas Reynolds number, while increase of the free stream
Reynolds number mainly strengthens the convection
with an insignificant effect on the gas radiation. There-
fore, the effect of the gas radiation is relatively weakened
with the Reynolds number increase and vice versa. This
is why the liquid film length elongates with the increase
of the gas stream Reynolds number under constant MB
condition.
4.5. Effect of the external cooling and the coolant inlet

temperature on the liquid film length

Fig. 7 shows the effects of the external cooling inten-
sity and the inlet temperature of the liquid coolant on
the liquid film length. The results indicate that the liquid
film length increases with increase of the external heat
transfer coefficient. This is easy to be understood by not-
ing that more heat transfers to external coolant through
the wall with strengthening the external cooling. Accord-
ingly, the heat that goes to heating and vaporizing the
liquid film becomes less, and the liquid film length in-
creases consequently. Fig. 7 also demonstrates that the
liquid film length reduces with the increase in the inlet
coolant temperature. This is a consequence of the de-
crease in the sensible heat: as the inlet coolant tempera-
ture increases less heat goes to heating the film and more
heat goes to vaporize the liquid film, leading to a shorter
liquid film length. However, the effect of the coolant in-
let temperature on the liquid film length is less significant
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Fig. 7. Effects of inlet coolant temperature and external cooling
intensity on the liquid film length.
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in comparison with the effect of the external cooling
intensity.

5. Conclusions

The liquid film cooling in a rocket combustion cham-
ber has been studied numerically by solving the respec-
tive governing equations for the liquid film and the gas
stream coupled through the interfacial matching condi-
tions. Based on the numerical results obtained, the fol-
lowing conclusions can be drawn.

(1) Heat transfer at the gas–liquid interface in a
rocket combustion chamber with insulated wall
is mainly dominated by convection of the free
stream and transport of latent heat associated
with the evaporation of the liquid film. Mean-
while, the effects of the radiation and sensible heat
transfer cannot be ignored. When the wall is
cooled by an external coolant, however, the sensi-
ble heat transfer become significant, and accord-
ingly the convective heat transfer increases and
latent heat flux decreases, leading to the elonga-
tion of the liquid film length.

(2) With the increase in the distance from the inlet,
the convective, radiant and sensible heat fluxes
decrease, but latent heat flux increases at first
and then decreases gradually.

(3) The interfacial temperature increases quickly in
the entrance region and soon arrives at the satu-
rate temperature of the liquid film. The wall tem-
perature is very low in the liquid film cooling
region and increases sharply just beyond the point
of the dry-out. Different mass flux of liquid film
and external cooling strength have little effect on
the wall temperature in the liquid film cooling
region. However, both of them affect the liquid
film length which determines the length of the
gas film cooling region where the wall temperature
is quite high.

(4) The liquid film length decreases with the increase
of the gas stream Reynolds number for the condi-
tion with an invariable coolant mass flux, and the
reverse is true for the condition with an invariable
mass flux ratio of coolant to the free stream gases
at the inlet.

(5) The liquid film length increases with the increase
of the external cooling intensity but decreases with
increasing the coolant inlet temperature.
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