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Abstract

The problem of prediction of heat flux at throat of liquid rocket engines still constitutes a challenge, because of the little
experimental information. Such a problem is of obvious importance in general, and becomes even more important when
considering reusable engines. Unfortunately, only few indirect experimental data are available for the validation of throat
heat flux prediction. On the numerical side, a detailed solution would require a huge resolution and codes able to solve at the
same time combustion, boundary layer with possible finite-rate reactions, expansion up to at least sonic speed, and in some
cases radiative heat flux. Therefore, it is important to validate, with the few experimental data available in the literature,
simplified CFD approaches whose aim is to predict heat flux in the nozzle in affordable times. Results obtained by different
numerical models based on a RANS approach show the correctness and quality of the approximations made, indicating the
main phenomena to be included in modeling for the correct prediction of throat heat flux.

Keywords Liquid rocket engines - Heat transfer - CFD

1 Introduction

Heat flux prediction at throat of liquid rocket engines still
constitutes a challenge, also because of the limited experi-
mental information. On the other hand, being capable of
predicting numerically the heat flux at the throat of a rocket
thrust chamber is of paramount importance. In fact, throat
region is the most critical one in terms of heat loading and
requires a suitable cooling system design, which is a trade-
off between overall engine efficiency and safe structural
life. This is even more important if one considers reusable
engines. Many experimental studies have been focused on
the measure of wall temperature and heat flux in the combus-
tion region, that is the thrust chamber part from the injector
faceplate up to the beginning of the converging section. Less
experimental data are available concerning throat heat flux.
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In fact, it can be easily imagined that inserting thermocou-
ples in an experimental apparatus in the vicinity of the con-
verging-diverging nozzle throat is much more challenging.

The numerical estimation of heat load in both combus-
tion chamber and nozzle presents its uncertainties. Since
the boundary-layer based empirical relations, as the famous
Bartz equation [1], significant progresses have been made
thanks to CFD developments. However, a detailed solution
requires a huge resolution and codes able to solve at the
same time combustion, boundary layer with possible finite-
rate reactions, expansion up to at least sonic speed, and in
some cases radiative heat flux [2]. Therefore, it is important
to validate CFD solvers for the specific objective and espe-
cially to understand the uncertainties introduced by each
approximation made to get reasonable predictions in afford-
able times.

In this framework, a wealth of experimental information
has been recently obtained and made available to scientific
community by a campaign of tests conceived and carried
out at Technical University of Munich (TUM) [3-6]. Unfor-
tunately, most of information is relevant to the combus-
tion chamber. However, results of a new test including the
measure of coolant temperature increase in throat region
have been made recently available [5, 6]. These data have
been considered a testbench for code validation by different
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Fig.1 Geometry of seven-injector thrust chamber. Chamber seg-
ments are indicated and numbered. Flow is from left to right

research groups making use of both commercial and in-
house CFD software [7-15].

In this paper, some aspects of modeling are deepened to
get more insight on the driving phenomena for the correct
prediction of throat heat flux. Focus is specifically on oxy-
gen/methane liquid rocket engines. A simplified approach
neglecting injection and combustion processes was adopted
in order to evaluate its limits and capabilities. In particular,
the main focus is the quantification of the effects on the
throat heat flux. Analysis is carried out by a RANS solver
including finite-rate chemistry and laminar turbulence-
chemistry interaction model.

2 Test Case

The oxygen/methane seven-injector thrust chamber devel-
oped and tested in Refs. [6, 16] is made of four water-cooled
segments of circular cross-section and a fifth segment, the
nozzle, also of circular cross—section and water-cooled (see
Fig. 1). The cylindrical combustion chamber includes one
long and three short segments. Together with the nozzle
segment the total length of thrust chamber is 383 mm. The
combustion chamber inner diameter is 30 mm and the throat
diameter is 19 mm, resulting in a contraction ratio of 2.5.
The distance between the injectors as well as the injector-
wall-distance are equal to half of the injector diameter. The
operating point chosen for this test case features a mean
combustion chamber pressure of 18.3 bar and a mixture ratio
of 2.65. With a total mass flow rate of 0.291 kg/s, this cham-
ber features a combustion efficiency of 94.5%.

The thrust chamber is cooled by the aforementioned two
water channels. A single water channel, in fact, would not
have been appropriate because of the high water temperature
at the outlet of the fourth segment. For the determination of
the thermal loads a calorimetric method is applied. Heating
rate to each chamber segment is determined by the differ-
ence of the coolant total enthalpy between inlet and outlet.

Due to the nature of the hardware, it is difficult to meas-
ure the wall temperature in the nozzle by means of thermo-
couples, hence no information is available in the nozzle.
Nevertheless, the wall temperature profile in the chamber is
shown in Fig. 2. In this case thanks to the joint measure of
wall temperature from thermocouples and of the heat flux
for each segment from the measure of water temperature
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Fig.2 Experimental wall temperature profile [16] and simulation
boundary condition

increase, information about wall temperature and heat flux
are made available in the combustion chamber and a single
measure of heat flux is also provided for the throat segment,
which is the most relevant information for the present study.

3 Theoretical and Numerical Model

The study of wall heat transfer at the throat of LRE thrust
chambers is carried out including in principle both convec-
tion and thermal radiation models. The convective contri-
bution is evaluated by suitable CFD modeling. The radia-
tive contribution is evaluated by a thermal radiation model
which takes information on the local flow conditions by CFD
modeling. The approach has been recently presented and
discussed in Refs. [2, 14, 15, 17].

The CFD solution is computed by solving the time-
dependent compressible Reynolds-averaged Navier—Stokes
(RANS) equations for reacting mixtures of thermally perfect
gases with turbulence closure according to the Spalart—All-
maras one-equation model [19]. Steady-state solutions are
obtained by integrating in time the governing equation until
flow variables do not change anymore (within a given toler-
ance). Constant values are assumed for turbulent Schmidt
and Prandtl numbers, equal to SCT = 0.7 and PrT =0.9,
respectively. Oxygen/methane kinetics is modeled by means
of the JL-R finite-rate chemical reaction mechanism [18,
20], shown in Table 1. As explained in Sect. 4, in this study
injection and combustion processes are not modeled in the
chamber. For this reason the first two reactions in Table 1
are discarded, resulting in a mechanism including 8 species
and 5 reactions.

The RANS equations are numerically integrated up to
the wall by an in-house CFD solver that has been validated
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Table 1 Reaction mechanism

” j Reaction A; n; E ., cal/mol

for O,/CH, [18] (units: cal, / ! &
mol, cm, s) 1 LCH,+20,—CO+2H,+0, 7.82- 108 0.00 30,000

2 CH, + H,0 — CO +3H, 3.00- 10! 0.00 30,000

3 CO +H,0 = CO, +H, 2.75-10"2 0.00 20,000

4 1H,+320,=2H,0+:0,-IH, 1.21-10' - 1.00 40,000

5 0,=20 1.5-10° 0.00 113,000

6 H,0 = H+ OH 23102 ~3.00 120,000

7 OH +H, = H+ H,0 2.10- 108 1.51 3430

in different operating conditions [17, 18, 21-24]. The solver
adopts a finite volume Godunov-type formulation. To allow
the second-order accuracy in space, a linear cell reconstruc-
tion of flow variables is carried out by using the value in
the considered cell and those in the contiguous ones. A Roe
approximate Riemann solver [25] for multi-block structured
meshes is used. This allows to evaluate variables at cell
interfaces and associated fluxes to compute the evolution
in time.

4 Results

All simulations presented in the following have been
obtained by the RANS code introduced in Sect. 3 solving
the boundary layer up to wall. The computational grid is
therefore designed to guarantee a value of y* of order one
at all wall boundaries. Isothermal wall boundary condition
of 412 K is considered by enforcing thermocouple data
(see Fig. 2). The resulting heat flux is then compared with
experimental data to discuss the quality of prediction. Outlet
boundary condition does not require specific information
as supersonic flow is assumed at the nozzle exit. Numeri-
cal simulations relies on a simplified full inlet modeling,
in which uniform injection of combustion products occurs
through the whole injection plate area. The chemical com-
position of combustion products is the equilibrium composi-
tion obtained with the given mixture ratio and pressure as
computed by CEA. Total pressure, temperature and chemical
composition are therefore prescribed at the injector face-
plate. The computational grid includes 160x60 cells (see
Fig. 3).

The computed flowfield obtained by enforcing experi-
mental chamber pressure and wall temperature is shown in
Fig. 4. The lack of a loss mechanism for pressure except fric-
tion, heat exchange and release within the boundary layer,
yields negligible pressure decrease in the combustion cham-
ber. It can be clearly seen the effect of recombination reac-
tions which increase H,O and CO, mass fractions even at the
most external part of the boundary layer. The importance of
taking into account recombination reactions in the wall heat
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Fig.3 Computational grid (not to scale) with boundary conditions

flux evaluations is well-known and has been discussed in
Ref. [18]. The differences on heat flux values obtained with
and without considering recombination reactions is shown
in Fig. 5. An underestimation of about 12% on local numeri-
cal heat flux all along the thrust chamber would have been
obtained considering frozen chemistry. Moreover, assuming
shifting equilibrium, which is reasonable for engines using
hydrogen as the fuel, yields in this case a discrepancy simi-
lar to that given by the frozen chemistry assumption. The
assumption of shifting equilibrium yields, in fact, a 16%
overestimation on numerical heat flux as shown in Fig. 5.

The wall heat flux obtained along the chamber with finite-
rate chemistry reactions is compared to experimental wall
heat flux data available for each segment in Fig. 6. Because
of the injection procedure, the values decrease from inlet to
the converging section of the nozzle where it starts increas-
ing up to the throat peak, and finally decreases again in the
divergent section of the nozzle. A qualitative comparison
of data in Fig. 6 shows a reasonable agreement for throat
heat flux.

For a quantitative comparison of the computed wall heat
flux it is necessary to make averages of numerical values for
each segment. The results obtained by averaging wall heat
fluxes in each segment is reported in Fig. 7. The comparison
with experimental data shows that if one discards the region
corresponding to the first two segments, the numerical simu-
lation provides reasonable results. In fact, it is expected that
the lack of any injection and combustion model does not
allow any kind of agreement in the vicinity of the faceplate.
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Fig.4 Simulation results. Contour lines from top to bottom are: CO, mass fraction, H,O mass fraction, temperature, Mach number, and pressure
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Fig.5 Comparison of wall heat flux obtained with finite-rate, frozen
and equilibrium chemistry

On the other hand, the experimental results show a decreas-
ing trend in the combustion chamber starting from the third
segment. A possible interpretation for this decreasing trend
is that the chamber region where the injection and combus-
tion processes are dominant ends at the third segment. For
this reason, the present results, which neglect injection and
combustion process, are compared to experimental and other
numerical simulation starting from the third segment. An
interesting aspect of comparison of Fig. 7 is that an increase
between fourth and fifth segment in experimental data with
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Fig.6 Comparison of present results (Sapienza) and experimental
data [11] (EXP)

respect to the numerical solution occurs. This significantly
different behavior would make numerical results rather ques-
tionable. However, this aspect has been already noticed in
previous studies which have found an explanation in axial
heat transfer between segments [8, 12]. In particular, due
to the two water paths, one for cooling the first four seg-
ments in series and one in parallel for the cooling of nozzle
segment, the nozzle segment appears to be colder than the
fourth one. As a consequence the coolant of the nozzle seg-
ment is heated from the fourth chamber segment resulting
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Numerical vs Experimental heat flux (MW/m?)
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Fig.7 Computed (Sapienza) and experimental [11] heat flux at each
segment
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Fig.8 Computed (Sapienza) and corrected experimental [11] heat
flux at each segment

in an increase of the water temperature at the exit of the
nozzle segment. If one considers the increase of tempera-
ture only due to heat coming from underlying hot gases, he
makes therefore an error of overestimation of heat flux. The
same is true, in the opposite direction for the fourth segment.
As a consequence, one further comparison can be made by
supposing that thermal power decreases between the third
and the fourth segment in line with numerical expectations,
quantifiable in — 3.2 %. Hence, the new experimental value
in the fourth segment becomes 6.52 MW/m? rather than the
measured 5.39 MW/m?. The correction to be considered
results to be about 4.39 kW, supplied by the fifth segment,
which, due to energy balance, reduces its heat content by
the same amount. The corrected experimental value in the
fifth segment results to be 11.9 MW/m?. Corrected experi-
mental data are compared with numerical results in Fig. 8.

5 Conclusion

Focusing on the capability of predicting the wall heat flux
at throat, the present analysis has shown that considering
a simplified injection and combustion model can provide

results close to experimental data. A simplified approach
considers injection of combustion products at equilibrium
conditions for the given chamber pressure and oxidizer to
fuel mixture ratio. Despite the lack of modeling of the injec-
tion and combustion regions and the consequent discrep-
ancies with respect to experimental data of heat flux, the
predicted value at throat is closer to the experimental data
than in other simulations available in literature and mostly
focused on combustion chamber analysis. Moreover, the dis-
crepancy with experimental data is significantly reduced if
the heat exchange between the separate cooling systems of
chamber and throat is taken into account.
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