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Introduction

T HE majority of today’s engine simulation software is of a low fi-
delity (nondimensional). Such tools can offer a good prediction

of the performance of a whole engine but are incapable of analyzing
the performance of individual engine components in detail, or cap-
turing extreme/complex physical phenomena, that is, inlet flow dis-
tortion. On the other hand, computational fluid dynamics (CFD)
tools can predict the performance of individual engine components
satisfactorily, especially close to design point (DP) operating con-
ditions, but do not offer whole engine performance prediction.

Two issues prevent modeling the entire geometry of a propulsion
system at the highest level of resolution (three dimensional) from
being a practical solution. First, for a complete three-dimensional
system simulation, the amount and level of detailed information
needed as boundary and initial conditions would be extremely dif-
ficult to obtain. Second, the computational time and cost will be
extremely high for effective and practical use.1,2
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Scope of Work
Given the computational and financial resources of many indus-

trial and academic establishments around the world, a fast method
of combining different levels of analysis seems to be necessary.
This study discusses two simulation strategies that allow the perfor-
mance characteristics of an isolated gas turbine engine component,
resolved from a detailed, high-fidelity analysis, to be transferred to
an engine system analysis carried out at a lower level of resolution.

The techniques described in this Note are partially integrated
zooming and fully integrated zooming. Both utilize an object-
oriented, zero-dimensional gas turbine modeling and performance
simulation system and a high-fidelity, three-dimensional CFD model
of the intake of a modern high-bypass-ratio (HBR) turbofan engine.
The first technique involves the generation of a component charac-
teristic map via an iterative execution of the nondimensional cycle
and the three-dimensional CFD model. The CFD-generated per-
formance map can fully define the characteristic of the intake at
several operating conditions and is subsequently used to provide a
more accurate, physics-based estimate of intake performance, that
is, pressure recovery, and, hence, engine performance, replacing the
default, empirical values within the nondimensional cycle model.
This work investigates relative changes in the simulated engine per-
formance after integrating the CFD-generated component map into
the nondimensional engine analysis. The analysis carried out by
this study, demonstrates relative changes in the simulated engine
performance larger than 1%.

The second technique is basically an extension of the first and
adopts a more direct and fully automated approach with the three-
dimensional CFD model being directly linked to the nondimensional
engine cycle via the nondimensional component. The generation of
a map in this case is not necessary. With the two methods being fairly
similar in both execution and result, this Note discusses both of them,
but focuses mainly on the first one, which is less straightforward.

Literature Review
Other research efforts with similar focus have been reported in the

past. Turner et al.3 discussed a multifidelity simulation of a turbo-
fan engine with component characteristics zoomed into partial per-
formance maps for a nondimensional cycle simulation. AuBuchon
and Follen1 described a government–industry collaborative effort
on one-dimensional compressor zooming. Yin4,5 has carried out
significant research on an HBR two-dimensional fan zooming in
the context of an academic project sponsored by industry. Reed and
Afjeh6−8 have also published on numerical zooming techniques, in
the context of the numerical propulsion system simulation (NPSS)
program in 1997, Reed and Afjeh9 published a paper on a compar-
ative study of high- and low-fidelity fan models for turbofan engine
system simulation. Smith10 reported another collaborative research
effort between the U.S. government and industry on fan and com-
pressor high-fidelity zooming.

Simulation Strategy
Partially integrated zooming11,12 is a semimanual approach to

high-fidelity analysis and can become fully automated as already
mentioned. After the selection of engine operating conditions and
power setting, a nondimensional engine model simulation is car-
ried out to generate a first set of component operating conditions.
The established component inlet/outlet boundary conditions from

201



202 J. PROPULSION, VOL. 22, NO. 1: TECHNICAL NOTES

the nondimensional cycle simulations are used to define component
boundary conditions in the three-dimensional model simulation. Op-
erating characteristics of the three-dimensional component model
are then compared against the initial nondimensional solution.

Initially the nondimensional component will not match the high-
fidelity component for various reasons such as: 1) the nondimen-
sional component being of low fidelity, 2) geometry not taken into
account in nondimensional simulations, 3) intercomponent effects
not taken into account in the high-fidelity simulations, etc. Bound-
ary conditions need to be updated and exchanged between the two
component representations, in an iterative process, until a converged
component performance is achieved at the given engine operating
conditions and power setting.

If the nondimensional and three-dimensional flow solutions are
in agreement, within a preestablished error margin, the averaged
three-dimensional flow solution establishes a point on a component
performance map to be used at a later stage for the whole engine
performance simulation. If the flow solutions are not in agreement,
the three-dimensional boundary conditions are communicated back
to the nondimensional engine model as a second guess. The nondi-
mensional engine model simulation is carried out again to provide
new, updated boundary conditions for the three-dimensional CFD
simulation. The process is repeated many times, until the two so-
lutions agree within the preestablished error margin, then a new
point on the component performance map is generated. Repeat-
ing the process for different engine operating conditions and power
settings establishes the full-component performance map. The new,
CFD-generated component map can be stored and used by the nondi-
mensional cycle program in future engine simulations by employing
common interpolation and scaling routines. The partially integrated
zooming technique can be applied to all engine components that can
be modeled in two or three-dimensions (Fig. 1).

The method just described can be extended to become fully in-
tegrated with the three-dimensional CFD component model being
directly linked to the nondimensional engine model via the nondi-
mensional component. Generation of a complete component char-
acteristic map is not required in this case (Fig. 1).

The fully integrated strategy would perhaps be more appropriate
for engine components such as intakes and ducts, where perfor-
mance and boundary conditions do not change significantly offde-

Fig. 1 Zooming strategies: - - - -, partially integrated and ——, fully
integrated.

sign. However, the performance and operating conditions of rotating
components such as fans, compressors, and turbines change signif-
icantly offdesign. To reduce the computational demand, these com-
ponents could be modeled adopting the partially integrated approach
that reduces the number of CFD runs through the generation of a
component characteristic.

Simulation Tools
Using the CFM56-5B2 HBR turbofan engine as a case study, this

work looked into intake pressure recovery effects on whole engine
performance, following the partially integrated described zooming
approach.

The study used two different simulation software: 1) a nondimen-
sional gas turbine modeling and performance simulation system,
developed at Cranfield University in the United Kingdom, called
PYTHIA13−15 and 2) the commercial CFD package GAMBIT/
FLUENT.

For the purposes of this investigation, an engine model was build
in PYTHIA that resembles the CFM56-5B2 HBR turbofan engine
in both configuration and performance. The modeling was based on
engine performance data available in the public domain.

Moreover, a three-dimensional CFD intake model, based on the
geometry of the intake of the CFM56-5B2 HBR turbofan engine,
was created and meshed in the commercial package GAMBIT us-
ing approximately 300,000 cells. The optimum number of cells was
established by a grid-independence study. The commercial CFD
solver, FLUENT, was used to carry out the CFD analysis. The ge-
ometry of the intake was similarly obtained from the public domain.

Typically, a PYTHIA engine model uses performance maps for
turbines and compressors to obtain a balanced, steady-state engine
condition. Intake pressure recovery is simplistically simulated by
means of an empirical total pressure drop at both design point and
offdesign conditions.

To establish the baseline intake and engine performances for the
zooming analysis, the nondimensional intake characteristics were
calibrated such that at the baseline conditions (DP) there was no
difference between the nondimensional intake performance, that is,
pressure recovery, mass flow, etc., and the performance predicted
by the full, three-dimensional CFD intake model.

Intake Map Generation
Generating a point on the intake characteristic map involved

the iterative process described in the “Simulation Strategy” sec-
tion. Boundary conditions were exchanged between the two com-
ponent representations until a converged component performance
was achieved at the given engine operating conditions and power
setting. A Newton–Raphson numerical method was used to control
the convergence process.

The zooming analysis reported in this paper looked into different
Mach numbers and operating altitudes for a fixed engine power
setting and incidence angle. Varying altitude and Mach number gave
a satisfactory range of different intake inlet operating conditions and
a realistic, partial intake characteristic map for the selected power
setting. More analytically, the engine’s power setting was kept at
the DP value of 1458.15 K turbine entry temperature (TET) and
incidence angle was kept at 0 deg. Points on the intake characteristic
map were obtained for Mach numbers between 0.8 (DP value) and
0.3 and for a range of altitudes between 10,670 (DP value) and
2000 m (Fig. 2).

Repeating the process for different engine operating conditions,
power settings, and incidence angles establishes the full-intake-
performance map. At this stage, however, it was outside the scope
and requirements of the investigation to repeat the same methodol-
ogy for a larger number of different cases.

The CFD-generated map fully defined the performance charac-
teristics of that particular intake geometry, at the simulated oper-
ating conditions, and was then used to provide a more accurate,
physics-based estimate of the intake’s performance, that is, pressure
recovery, and, hence, engine performance, replacing the empirical
pressure recovery values within the PYTHIA cycle model.
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Fig. 2 CFD-generated partial intake characteristic: ——, Mach num-
ber 0.3; —�—, Mach number 0.4; —�—, Mach number 0.5; —�—,
Mach number 0.6; —�—, Mach number 0.7; and —�—, Mach number
0.8.

Fig. 3 Convergence history using a small flow domain: —�—, V2;
—�—, mass flow; —∗—, Pstat2; —+—, Tstat2; —×—, Ttot2; —-—, pressure
recovery; ——, Pstat1; —�—, Tstat1; and —�—, V1.

Fig. 4 Convergence history using bigger flow domain: —�—, V2;
—�—, mass flow; —∗—, Pstat2; —�—, Ptot2; —+—, Tstat2; —�—, Ttot2;
and —-—, pressure recovery.

Convergence
As mentioned before, to generate a point on the map, matching the

boundary conditions of the three-dimensional CFD intake model to
those of the nondimensional intake component required an iterative
execution of PYTHIA and FLUENT. Initial nondimensional cycle
and three-dimensional CFD test runs, using a small, localized do-
main revealed a very poor convergence probability. Figures 3 and 4
show some convergence history samples of intake boundary condi-
tions for PYTHIA–FLUENT iterative runs close to DP conditions.

On several occasions and particularly in those cases were ex-
treme operating conditions were selected (resulting in unrealistic
boundary conditions), the percentage difference between boundary
conditions seemed to oscillate and/or even diverge. Figure 3 is repre-
sentative of this sort of unstable iterative solution. In this particular
case, most boundary condition differences seem to oscillate consid-
erably around a certain percentage value with the pressure recov-
ery difference oscillating around 2.5%, after 10 iterations, and then
starting to diverge. The difference in mass flow is also fairly large,
3.7% approximately after 21 iterations. Iterating for other points on
the characteristic map demonstrated similar unstable computational
behavior.

Improving the CFD intake model (denser grid) and using a bigger
flow domain, which also accounted for the flow outside the engine’s
nacelle, seemed to improve the computational stability of the solu-
tion and the chances for convergence. Figure 4 is representative of
this group of iterative runs between PYTHIA and FLUENT. The
difference in mass flow reduced to approximately 2.7% after 15 it-
erations, whereas the difference in pressure recovery converged to a
satisfactory 0.6%. All other boundary conditions converged to less
than 0.25%.

Applying a correction factor to the outlet static pressure prediction
of the nondimensional intake component, in every iteration, to take
into account the presence of the fan and its effects on the flowfield
improved the relatively large difference in mass flow even further
and led to a much faster convergence. For this type of iterative run, all
boundary conditions converged after three or four iterations within
an acceptable 0.05%.

Engine Performance Simulation
Subsequent engine performance analysis demonstrated differ-

ences in the simulated engine performance between using the
standard, empirical intake pressure recovery values and using the
complete intake characteristic map. At cruise conditions and DP
power setting, the simulation results, using the CFD-generated map,
matched the baseline engine performance very well. As expected,
only third-decimal-place differences were observed. The largest dif-
ferences in engine performance were observed at operating condi-
tions other than those at cruise (off-design conditions).

Fig. 5 Flight Mach number vs gross thrust, altitude = 10,670 m and
TET = 1458.15 K: —�—, pressure recovery from map and —�—, pres-
sure recovery fixed at DP value.

Fig. 6 Flight Mach number vs net thrust, altitude = 10,670 m and
TET = 1458.15 K: —�—, pressure recovery from map and —�—, pres-
sure recovery fixed at DP value.

Fig. 7 Flight Mach number vs SFC, altitude = 10,670 m and
TET = 1458.15 K: —�—, pressure recovery from map and —�—, pres-
sure recovery fixed at DP value.
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Using the CFD-generated map and lowering the flight Mach num-
ber from 0.8 to 0.3 (maintaining DP altitude and power setting) gave
a 3.3% reduction in engine gross thrust (at M = 0.3) compared to
the baseline engine performance (empirical pressure recovery). Net
thrust went down by approximately 3.9% and specific fuel consump-
tion increased by 1.9% at M = 0.3. The engine performance at Mach
number 0.8 remained unaffected as expected (DP). Figures 5–7 show
the preceding observations.

Conclusions
Generating map points through this iterative process successfully

depends strongly on the quality of the CFD model geometry, grid
fidelity, and the soundness of the operating conditions selected. The
CFD-generated component map can be stored and used by the nondi-
mensional cycle program in future engine simulations by employing
common interpolation and scaling routines.

The analysis was carried out only at zero incidence angle and
a fixed power setting. When exactly the same simulation strategy
is followed, other power settings and incidence angles can be in-
cluded in the analysis, with the generation of more maps, for an even
more realistic intake/engine performance prediction, especially un-
der takeoff and landing conditions.

This paper presents a detailed comparison between the simu-
lated, baseline engine performance and that obtained by using the
CFD-generated intake map. Results presented are to be taken only
qualitatively because of the inherent uncertain accuracy of public
domain data. However, in the cases examined, the analysis carried
out by this study demonstrated relative changes in the simulated
engine performance larger than 1%, which justifies the extra time
that is usually required to create and run a three-dimensional CFD
engine component, especially in those cases where more accurate,
high-fidelity engine performance simulation is required.
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