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This work is focused on the optimization of the geometrical characteristics of a recuperator developed for aero
engine applications, taking into consideration the aero engine geometrical constraints and limitations, in order
to achieve feasible and implementable recuperator designs. For this reason, dedicated numerical surrogate
tools were developed through which the effect of major geometrical features such as recuperator diameter,
length, tubes arrangement and alignment could be directly included in order to assess their effect to recuperator
operational performance characteristics such as recuperator effectiveness and inner/outer pressure losses. A
large part of these activities was focused on the development of a nonlinear surrogate model incorporating the
major geometrical features of the recuperator. In this tool, high-fidelity correlations regarding pressure losses
and heat transfer, derived through experimental measurements and detailed CFD computations, were
incorporated. Based on this model the recuperator performance was optimized using the simulated annealing
algorithm resulting in the identification of recuperator design which can combine operational superiority with
feasibility and implementation potential.

1. Introduction

The last decades, the European Advisory Council for Aviation Research and Innovation in Europe (ACARE,
2012) has set a Strategic Research Agenda (SRIA) towards the reduction of pollutant emissions in a sustainable
way, targeting a reduction of 75 % for CO2 and 90 % for NOx emissions by the year 2050. In order to fulfill these
targets, many technologies have been developed and are under research by collaborations of European aero
engine industries and Universities. A large number of research activities have been focused on the development
of waste heat energy systems in order to exploit the high thermal content of aero engine exhaust gas and reduce
fuel consumption and pollutant emissions. These systems are based on the integration of advanced design
recuperators inside the aero engine hot-gas exhaust nozzle in order to preheat the compressor discharge air
before the latter enters the combustion chamber. As a result, less fuel is required for the aero engine operation
resulting in significant specific fuel consumption reduction with direct environmental and economic benefits. For
the maximization of the benefits of recuperators installation, a compromise between the exploited waste heat in
relation to the imposed pressure losses must be taken into consideration in order to achieve an overall
advantage in the aero engine thermodynamic cycle performance. Furthermore, during the design stages of the
recuperators, it is of prime importance to take into account the effect of the recuperator weight in order to achieve
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a reliable and realistic quantification of the recuperator impact on aero engine performance, through the
incorporation of installation effects.

This work is focused on the optimization of the geometrical characteristics of a recuperator developed for aero
engine applications, taking into consideration the aero engine geometrical constraints and limitations, in order
to achieve feasible and implementable recuperator designs. The analysis was based on the tubular heat
exchanger recuperator of elliptical profiles which was developed and invented by MTU Aero Engines AG,
presented in Figure 1a, while the thermodynamic conditions for the recuperator performance assessment were
derived from the Intercooled Recuperated Aero (IRA) engine concept cycle, Figure 1lb, combining both
intercooling and recuperation. The IRA engine concept has been investigated in various European research
projects such as the NEW Aero engine Core concepts — (NEWAC) and the Low Emissions Core-Engine
Technologies — (LEMCOTEC) projects.

At the present work, targeting the optimization of the recuperator design, dedicated numerical surrogate tools
were developed through which the effect of major geometrical features such as recuperator diameter, length,
tubes arrangement and alignment could be directly included in order to assess their effect to recuperator
operational performance characteristics such as recuperator effectiveness and inner/outer pressure losses. A
large part of these activities was focused on the development of a nonlinear surrogate model incorporating the
major geometrical features of the recuperator. In this tool high-fidelity correlations regarding pressure losses
and heat transfer, derived through experimental measurements and detailed CFD computations (Salpingidou et
al., 2016), were incorporated. Based on this model the recuperator performance was optimized using the
simulated annealing (SA) algorithm resulting in the identification of recuperator design which can combine
operational superiority with feasibility and implementation potential.
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Figure 1: (a) The heat exchanger developed by MTU Aero Engines AG; (b) Intercooled Recuperative Aero-
engine Concept.

2. Recuperator core performance characteristics

The recuperator effect on the aero engine performance is described by the recuperator thermal effectiveness
and the induced pressure losses for both flow streams (inner flow-cold air and outer flow-hot-gas). The overall
recuperator impact on the aero engine cycle is defined by the trade-off between the positively contributing
achieved heat transfer rate and the detrimental effect of the imposed inner and outer pressure losses.

The inlet/outlet temperatures of the hot-gas and the cold air are denoted by T, € R? and T, € R?, respectively.
That is, T,(1),T.(1) are the inlet temperatures and T,(2),T.(2) are the outlet temperatures. Similarly, the
inlet/outlet pressures of the hot-gas and the cold air are denoted by P, € R? and P. € R?, respectively. The inlet
conditions T,(1),T.(1), P,(1), P.(1) and the mass flow rates m;, . of the outer and inner flow, respectively,
were considered constant and equal to the corresponding properties of the IRA engine for average cruise
conditions.

The thermodynamic properties of the fluids were calculated using the Peng-Robinson equation of state (Pratt,
2001). In particular, the Peng-Robinson equation, defines the air density p as a function of temperature and
pressure and the air heat capacity C, as a function of temperature. That is, p(T, P) and C,(T) are the air density
and heat capacity, respectively, at temperature T and pressure P. Using Sutherland’s law (Anderson, 2011), the
dynamic viscosity of air u is expressed as a function of temperature. That is, #(T) denotes the dynamic viscosity
of air at temperature T. The kinematic viscosity of air v can be written as v = u/p.
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The mean velocity of the outer flow w, is defined by the equality w,(T,P,8,7,R) = my,/(p(T, P)A,(8,7,R)),
where A, (0,1, R) = Ly (6,7, R)(r + R) is the outer flow mean frontal area and Ly (6,7, R) = (R —r)/sin 8 is the
heat exchanger (HEX) length (Figure 2). The mean velocity of the inner flow u, is defined by Eq(1)

uc(T,P,g,0,7,R,Ny,Np) = m./(p(T,P)A.(g, 0,7, R, Ny, N)), (1)

where A.(g,0,7,R, Ny, Np) = (NfLH(G,r, R)/g)NrA s the total tubes feed area, g is the normal distance between
the elliptic tubes of the same column, N7 is the number of tubes in an outer flow path, N¢ is the number of feed
collectors and A is the elliptic tube cross section area. Now, the Reynolds numbers Re,, and Re. (based on the
tube hydraulic diameter d) for the outer and inner flow, respectively, can be written as Re, = u,d/v and Re, =
u.d/v.

For the accurate calculation of the recuperator effectiveness, outer and inner pressure losses dedicated
correlations were used. These correlations were extracted through detailed CFD computations and experimental
measurements. More details are provided in Yakinthos et al. (2015).

For x € R? the symbol x denotes the number (x(1) + x(2))/2. Let g,0,7,R, Ny and Ni be fixed, and let p, =
p(Th, Pn), i, = u(Th),Vh = v(Th, Py) and w, = uy(Tp, Py, 0,7, R). Then, the outer flow stream pressure loss,
corresponding to the pressure loss of the hot-gas flow passing around the elliptic tubes, is given by Eq(2)

Po(1) = Pu(2) = (a0 + @), + B, (bo + bi¥n + bV )it ) UnL(N7)/Lg. @

The viscous pressure loss coefficients a; and the inertial pressure loss coefficients b;, are constant and were
calibrated as described in Yakinthos et al. (2015). The constant Ly is the reference length used for the calibration
of the pressure loss coefficients and L(Ny) is the heat exchanger thickness.

maximum nozzle length

Figure 2: Geometrical parameters for recuperators following the CORN concept (Misirlis et al., 2017).

Letp, = p(Te, Pc).uc = uc(Tc, Pe, 9,0,7, R, Ny, N ), Re. = Rec( T, Pc,g,0,7,R,Nr, N ). Then, the inner flow (cold
air) pressure loss, is given by Eq(3)

P.(1) = P.(2) = 0.5f (Ly(r, R, N) /)P, Tz,  f, = ci(InRe,)” @)
where ]_‘C corresponds to the inner flow friction coefficient and L;(r, R, Nr) = n(r + R) /Ny is the mean tubes
length (Figure 2). This approach is very similar to the Moody chart approach found in literature, with the
difference that dedicated pressure loss coefficients (c4, c,) were used, which were calibrated after detailed CFD
calculations.

Let Pr(T) be the Prandtl number at temperature T, that is Pr(T) = C,(T)u(T)/k(T), where k(T) is the air thermal
conductivity (at temperature T), and let Re, = Ren(Th, Py, 6,7,R), Pry = Pr(T,) and Pr.=Pr(T.). The
calculation of the thermal effectiveness of the recuperator was based on the calculation of the heat transfer
coefficients hy, = k(T,)Nuy,/d and h, = k(T.)Nu,/d for the hot-gas and cold air flow, respectively, where Nu;, =
C(Pr)*(Re,)? and Nu, = C'(Pr,)* (Re,)?" are the average Nusselt numbers. The parameters C,a,b,C’,a’,b’
were calibrated from the energy balance through the HEX, based on CFD calculations.

The effect of the tubes material (typically Inconel) in the overall thermal resistance of the HEX is minor, mainly
due to the small thickness of the elliptic tubes walls and the high value of the material thermal conductivity
(Yakinthos et al., 2015). Hence, the tubes thermal resistance can be neglected from the calculation of the overall

heat transfer coefficient U, which is computed by 1/U = 1/h;, + 1/h.. The HEX effectiveness £ can then be
calculated based on the NTU method as a function of

—  UAy(g,6,7,R N —  min{m,Cpp, m.C.
NTU = s(g T) and C. = { h%“ph c“pc

4

= r= = = 7
mln{thph,mCCpc max{thph,mcCpC
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where A;(g, 0,7, R, Nr) is the heat exchange surface, Cpp, = C,(Ty) and Cp = C,(T,).

The aforementioned function, was derived based on previous knowledge and 3D CFD computations of the
overall recuperator setup with the use of a porosity model, described in (Yakinthos et al. 2015; Misirlis et al.,
2017). It is defined by Eq(5)

€ =cfi&; + cf28,, (5)

where g, and €, are the correlations for one mixed and one unmixed flow streams and both fluids unmixed flow
streams, respectively, presented in Kays and London (1984), and cf;, cf, are calibration coefficients. These
correlations are defined by Eq(6)

5 =1/C, (1 — exp (—Er(l - exp(—m)))), g, =1—exp (WO‘ZZ/ET (exp (—Ermm) - 1)> (6)

The heat transfer Q of the recuperator can then be calculated by Q = & min{i,Cpp, 1. Cpc} (Tn(1) — To(1)), and
the outlet temperatures of the hot-gas and cold air by Eq(7)

Th(z) = Th(l) - a/(mhfph) and Tc(z) = Tc(l) + 6/(mcEpc)' (7)

3. Quantification of the effect of recuperator design on thrust specific fuel consumption

For the rapid quantification of the recuperator effect on the aero engine cycle performance an approach based
on the derivation of dedicated trade factors was followed which could time-efficiently reflect the recuperator
pressure losses and thermal effectiveness effect on the aero engine Thrust Specific Fuel Consumption (TSFC).
These trade factors were derived from analyses of the aero engine thermodynamic cycle performed in
GasTurbl1 software (Kurzke, 2011). The analyses conditions were corresponding to the IRA engine average
cruise conditions, having varying recuperator performance characteristics for the inner and outer pressure
losses and the effectiveness (ranging from 0 to 1). The results processing led to the derivation of dedicated
trade factors functions (i.e. h;(x), h,(x) and h;(x)) for the recuperator pressure loss and heat transfer
performance characteristics which described the TSFC percentage change in relation to the reference TSFC
(case where no recuperation is applied). Function h;(x) corresponds to the effect off the recuperator
effectiveness on TSCF, h,(x) corresponds to the recuperator internal pressure losses effect and h;(x)
corresponds to the effect of the external pressure losses on TSFC.

The estimation of the engine TSFC was calculated by Eq(8)

h:[0,1]) > R  definedby h(x,y,z) = hy(x) - hy(y) - h3(2) * h,, (8)

where h,. is the reference TSFC which is appropriately recalibrated by the derived trade factors function in order
to calculate the TSFC of the recuperated aero engine and include all the necessary information regarding the
recuperator performance and the aero engine geometrical constraints. For estimating the accuracy of the TSFC
values as derived through the use of the trade factors functions, the estimated TSFC values were compared to
the ones calculated analytically from GasTurbl11. The comparison corresponded to many cases having various
recuperator effectiveness and pressure losses values. The results were in close agreement, with the absolute
TSFC difference being less than 0.05 g/(kNs), showing that the use of the trade factors functions was of
sufficient accuracy for incorporation in the surrogate model for the direct estimation of the IRA engine TSFC.

4. Recuperator design optimization algorithm

In section 2, the recuperator performance characteristics were described, based on a parameterization of the
recuperator designs by p = (g,8,7,R, N, Np). For fixed p the outlet conditions x = (T,,(2), P,(2),T.(2), P.(2))
can be computed by solving the system of nonlinear equations f,(x) = 0 defined by Eq(2), Eq(3) and Eq(7).
Now, given x, an estimation F(x) of the aero engine TSFC (for average cruise conditions), can be obtained from
the mapping h defined by Eq(8) using equality Eq(5). In other words, if € is the mapping x — ¢ defined by Eq(5),
then F(x) = h (@), (P.(1) = x(4))/ P.(1), (Py (1) = x(2))/ Po(D)).

The aero engine geometrical and manufacturing constraints, impose the restriction of the design parameters to
the set S§=A4(a(1),B(1),81))x xA(a(6),8(6),5(6)) (the design space), where A(a,B,6) =
{xeR|a<x<pB,x=1ib,i€N},). For an arbitrary p € S the estimation of the engine TSFC corresponding to
p, can be computed by the two-step process described in the preceding paragraph: (a) Find a solution y to the
system of nonlinear equations f,(x) = 0; (b) evaluate F aty. The problem posed is to find the recuperator design
(i.e. the pointp € S) that minimizes the estimation of the engine TSFC.
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The search for the optimal recuperator design (in the sense just described) was performed using the simulated
annealing algorithm:

1 function simulated-annealing(p, 7, Ty, Tr, k1, T-tree)

2 T « Ty, Px <P < Do Ci < C « eval-tsfc(pg, r-tree)

3 repeat

4 fori < 1, k; do

5 p, < neighbor(p) > Select a pointin N(p) ={qg € S| 1q(i) —p()| < 6@),i =1,..,6}

6 ¢, < eval-tsfc(py, r-tree)

7 if error occured then go to 4

8 if c, < cthen

9 P<Pn €S0

10 if c, < c.thenp, «p,, c. < ¢y

11 else

12 s « random[0, 1) > Generate a uniformly distributed number in [0, 1)

13 if s <exp((c—cy)/T)thenp «p,, c<cy,

14 T «1T > Geometric cooling schedule (cooling ratio 0 <r < 1)

15 until T < Tg

16 return (c.,p.)

17

18 function eval-tsfc(p, r-tree) > Compute aero engine TSFC corresponding to p

19 (d, (q,z)) « r-tree.nearest-neighbor(p)

20 if d > 0then

21 Try to approximate a solution y to the system f,(x) = 0 using Newton’s method with initial
approximation z; in case of failure, signal an error (and return).

22 r-tree.insert(p,y) > Store (p,y) in the R-tree data structure

23 return F(y)

24 else return F(z)

A detailed exposition of the SA algorithm can be found in Van Laarhoven and Aarts (1987). Regarding its
implementation presented in Figure 5, the search for the optimal design starts from a given point p, € S with
T =T, < Tr. The annealing temperature T is updated according to the geometric cooling schedule (line 14), and
the sequence of transitions (at constant temperature) from the current point p to a new neighboring point p,, €
N(p) is performed according to the Metropolis criterion (lines 8-13). The output of the algorithm is the point p.,
in the subset of S explored during the search that yields the smallest engine TSFC value.

Each invocation of the function eval_tsfc (line 31), requires the solution of a system of nonlinear equations. The
strategy for finding good initial approximations to the sought solutions is the following: if {p;}T c S are the
parameters for which the solutions {y;}T have already been computed (i.e. f,,(y;) = 0) and f,(x) = 0 is the
system for which a solution y is sought, then as initial approximation to y, the solution y; is used corresponding
to the nearest neighbor p; of q in {p;} (with respect to the Euclidean metric d); that is d(pj,q) =
min{d(p;,q) | i = 1,...,n}. An alternative strategy is to use the last computed solution as the initial approximation
to y. Numerical studies conducted with both strategies, showed that the former can significantly improve the
success rate of the algorithm in solving the nonlinear systems, and therefore its ability to avoid local optima.
The implementation of the “nearest neighbor” strategy described in the preceding paragraph was based on the
R-tree data structure (Guttman, 1984). R-trees are height-balanced trees with a special structure that allows the
implementation of efficient nearest neighbor search algorithms. More information can be found in the references
(Manolopoulos et al., 2006). The last argument of the simulated-annealing function is an R-tree data structure,
used for indexing the solutions {y;}. In the first invocation of the function it contains a single entry (p,, y), where
y is an approximate solution to the system f,, (x) = 0. After each transition from the current point p to a new
neighboring point p,,, a nearest neighbor search is performed in the R-tree (line 32). The search returns the
entry (g, z), where q is the nearest neighbor of p, and z is an approximate solution to the system f;(x) = 0, and
the distance d from p, to g. Finally, a solution to the system f,, (x) = 0 is sought (if one has not already been
computed, i.e. d > 0) using (a variant of) Newton’s method (line 34); if the latter converges to a solution y, then
the pair (p,,, y) is stored in the R-tree (line 35), otherwise an error is signaled.

In Table 1, the results of a numerical study of the SA algorithm (Figure 5) are shown. In this study, the algorithm
was executed for a sequence (p;)5%° of initial points in S, where the points p; with i > 1 were randomly
generated, with r = 0.9,T, = 5.5- 1073, Tz = 1078 and k; = 600.
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Table 1: Numerical study results.

Parameters variation % for Optimal recuperator design in relation
to Initial recuperator design (p)

(9,08,7,R, Ny, Ng) (0,-24.986, 0,+6.667,4+27.273,—-50)

£ +7.259

Engine TSFC —2.246

5. Conclusions

At the present work the development of a process for the optimization of the geometrical characteristics of a
recuperator developed for aero engine applications was presented. This process was taking into account the
main aero engine geometrical constraints and limitations, so as to lead to feasible recuperator designs. The
methodology was based on dedicated numerical surrogate tools which directly linked the effects of the most
important geometrical recuperator features on the recuperator operational performance characteristics. In this
work, a nonlinear surrogate model based on the use of the simulated annealing algorithm, which incorporated
the major geometrical features of the recuperator and included high-fidelity pressure losses and heat transfer
correlations was developed. With the use of this model the recuperator performance was optimized by achieving
a ~2.25 % TSFC reduction showing the usefulness of this model in design optimization studies.
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