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Abstract

The accurate prediction of hot-gas-side heat transfer is a critical requirement in the preliminary design
of liquid rocket engines, as it directly governs regenerative cooling channel sizing and early test-hardware
decisions. However, the high computational cost associated with full-geometry CFD simulations often
renders such analyses impractical during early design iterations. In this context, the present study inves-
tigates computationally efficient CFD methods aimed at providing an acceptable level of accuracy in heat
transfer predictions at the nozzle for early-stage design analyses. Numerical simulations were performed
for gaseous CH,4/O4 propellants using both two-dimensional (2D) and three-dimensional (3D) CFD mod-
els. As a reference case, the Technical University of Munich (TUM) rocket chamber/nozzle geometry
with available experimental data was adopted, enabling validation and method-to-method comparisons
for both 2D and 3D analyses. Within the 2D and 3D simulations, a “combustion-products” approach
was employed, in which equilibrium combustion products were prescribed at the inlet boundary. The
flow field was resolved using the RANS equations coupled with the standard k—¢ turbulence model. To
comprehensively evaluate the heat transfer in the TUM geometry, three distinct thermophysical modeling
strategies were investigated: (1) a chemical equilibrium composition obtained using NASA CEA; (2) a
combustion-product composition derived from a single global one-step reaction equation; and (3) a com-
parative analysis of variable versus constant thermophysical properties under chemical equilibrium and
stoichiometric compositions, with a specific focus on wall temperatures of 1000 K and 1500 K. Quanti-
tative comparisons indicate that, under chemical equilibrium conditions with both constant and variable
thermophysical properties, the predicted average nozzle heat transfer for the full-scale geometry was ap-
proximately 7.0% to 7.5% lower than the experimental measurements. Furthermore, when combustion
products were defined using a single global one-step reaction equation, deviations from the experimental
data increased, with underpredictions ranging between 7.0% and 15.0%. Moreover, no significant differ-
ence was observed between constant and temperature-dependent thermophysical property assumptions.
When the combustion chamber length was reduced by approximately 40% in the numerical model, the
deviation from experimental results was reduced to approximately 3.5%. Overall, the findings suggest that
2D combustion-product-based CFD analyses provide a favorable accuracy-to-computational-cost balance
for preliminary design and early test planning, whereas 3D simulations are more appropriately reserved
for later-stage verification and final design closure.



