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A B S T R A C T   

The focus of this study is to explore the thermodynamic characteristics of an intermediate heat-exchange cycle 
(IHEC) system in aero engines, employing experimental analysis. Using air, fuel, and intermediate working fluid 
(IWF) as working mediums, an IHEC system experimental platform incorporated two heat exchangers (HEX) was 
established. A theoretical analysis model for characteristics of the IHEC system was developed using the heat 
current method and a novel method for estimating the overall heat transfer coefficient (K). Deviations between 
experimental and simulation results for system equilibrium heat transfer rates and temperatures at each node of 
the IHEC system are within ±10%, and the maximum average relative deviation of the proposed method for 
estimating K is − 7.93%. Detailed analyses have been conducted regarding the effects of fuel mass flow rate, IWF 
mass flow rate, air mass flow rate, and air inlet temperature on the system. Raising the fuel mass flow rate leads 
to reduced temperatures at each system node, while the system's equilibrium heat transfer rate initially increases 
and then stabilizes. Variations in IWF mass flow rate have complex impacts on the IHEC system, influenced by 
HEX design margins and heat transfer capacities. Tailored analyses are necessary based on specific 
circumstances.   

1. Introduction 

Ensuring sufficient and effective thermal management poses a 
growing challenge for both civil and military aircraft. The primary 
attribution for this lies in the noteworthy increase in the magnitude of 
heat loads onboard, as well as their variable characteristics, including 
the existence of low-grade heat sources, and the inability to expel certain 
waste heat through engine exhaust gases. Formerly, the issue of thermal 
management was associated with aircraft experiencing excessive aero-
dynamic heating at high Mach numbers. However, as internal heat loads 
increase in both magnitude and quantity, design considerations for 
subsonic aircraft are being progressively influenced [1]. Currently, re-
searchers generally put the spotlight on thermal management technol-
ogies for aero engines in two ways: cycle process design and cycle 
parameters tweaking [2]. 

Cycle process is designed to meet the thermal requirements in the 
propulsion. Comprehensive investigations have been conducted to 

assess promising engine configurations, such as the Precooled Turbine 
Combined Cycle (PTCC) [3], the Rocket-based Combined Cycle (RBCC) 
[4], and the Turbine-based Combined Cycle (TBCC) [5], Nevertheless, 
during hypersonic flight, both the conventional TBCC and RBCC 
encounter significant technical challenges related to mode conversion 
and thermal protection [6]. Compared with them, the PTCC engine in-
corporates well-established technologies, such as the turbomachinery 
and HEX [7]. To this end, PTCC is being developed and put into use, 
representatives including LACE [8], ACES [9], ATRDC [10], ATREX 
[11], KLIN [12], SABRE [13], PATR [14], MIPCC [15], and so forth. 
Recently, Zou et al. [16] introduced a helium closed-cycle layout for the 
Hypersonic Air-breathing Precooled Engine, aiming for an improved 
balance between system complexity and the specific impulse. The pro-
posed helium closed cycle utilizes a recompression and two-branches 
cooling scheme. Wang et al. [17] suggested a multi-stage precooling 
compression cycle, incorporating the reuse of the fuel through the 
transfer of heat energy to mechanical work. 

Cooled Cooling Air (CCA) technology is a typical representative of 
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cycle parameters tweaking in the thermal management system. CCA 
technology effectively cools the compressor bleed air, fulfilling the 
growing thermal protection demands, by utilizing bypass stream air, 
inlet ram air, or fuel [18]. The growing intensity of heat sources on 
military aircraft has necessitated an amplified dependence on fuel 
serving the purpose of a coolant. The attractiveness of using fuel as a 
heat sink on aero engines results from multiple reasons, including better 
cooling effectiveness than air, proximity to systems requiring cooling, 
availability, and low temperature [1,19,20]. Duncan et al. [21] experi-
mentally investigated the aerodynamic impact CCA technology has on 
the combustion system's external aerodynamics. Zhuang et al. [22] 
analyzed the impact of CCA technology on the aerothermal character-
istics of a low bypass ratio aero-engine, highlighting distinct effects at 
various flight altitudes and Mach numbers. As to the CCA HEX, its aer-
othermal performance with flow nonuniformities was explored by 
Pandey et al. [23]. It is demonstrated heat transfer rate is notably 
reduced with the presence of cross-flow upstream of the HEX core. 

Despite being regarded as promising approaches listed above for 
aero engines to provide adequate thermal management, there are still 
numerous challenges that need to be tackled. In PTCC engines, the third 
fluid is used for heat transfer, creating an IHEC, which introduces two or 
more HEXs [24]. Current research in the field of thermal transport pri-
marily focuses on working fluids or thermal transport components, such 
as HEXs, pumps, control equipment, and so on. Nevertheless, the 
experimental investigation on the thermodynamic characteristics of the 
IHEC system is limited. In the research of Kasim et al. [25], the possible 
compact HEXs with novel heat transfer surface geometries were 
described. In the work by Chang et al. [26], a novel annular air‑hy-
drogen precooler was introduced, demonstrating higher volumetric 
power and compactness, while the power per mass unit was lower than 
shell-tube HEX and plate-fin HEX. The liquid working fluids for aircraft 
thermal protection were introduced by Affonso et al. [27]. These include 
thermal oils, dielectric fluids, and ethylene glycol-water mixtures. Liu 

et al. [28] experimentally explored the impact of working conditions on 
the intermediate circulation, and water was chosen as the only working 
fluid in their experiments. As for CCA technology, if an excessive amount 
of heat is transferred to the fuel, the temperature will reach its maximum 
allowable level. When this occurs, the aero engine has reached a point 
referred to as its thermal endurance limit [29–31]. According to Herring 
and Heister [32], thermo-acoustic oscillations and fuel coking posed 
considerable obstacles in the operation of the fuel-cooled HEXs. More-
over, issues in the manufacturing of the fuel-air HEX may lead to the 
exposure of fuel to the high-temperature air, potentially triggering a fire. 
However, the introduction of an IHEC system in aero engines facilitates 
the use of CCA technology without inherent safety risks by employing an 
IWF to avoid direct contact between air and fuel. Therefore, with regard 
to the thermal management of aero engines, whether it is PTCC or CCA 
technology, the current research gap primarily lies in the thermody-
namic characteristics of the IHEC system in aero engines. 

To directly understand and analyze the thermodynamic character-
istics of the IHEC system, a highly efficient model method is strongly 
required. Current modeling methodologies rely on the physical analysis 
of individual components. These approaches stack the governing equa-
tions based on the component arrangement, leading to the formulation 
of a comprehensive mathematical model for the system. By solving these 
equations, it is possible to simulate the system, thereby enabling para-
metric analysis and optimization [33]. However, when it comes to a 
complex system, the above methods involve considerable governing 
equations requiring iterations owing to their inherent nonlinearity and it 
will consume a lot of computation time [34,35]. What's more, numerous 
initial values are required for the solving process, and the stability and 
efficiency of calculations are greatly influenced by their selection [36]. 
Building upon the entransy theory [37], Chen et al. [38,39] put forward 
the heat current method for conveniently analyzing and optimizing 
thermal systems based on the radiation-network approach and the 
thermo-electrical analogy method. The application of the heat current 

Nomenclature 

A heat transfer area of HEX [m2] 
a coefficient 
b coefficient 
C coefficient 
cp isobaric specific heat capacity [J/kg/K] 
d hydraulic diameter [mm] 
h heat transfer coefficient [W/m2/K] 
K overall heat transfer coefficient [W/m2/K] 
m mass flow rate [kg/s] 
Nu Nusselt number 
Pr Prandtl number 
P pressure [MPa] 
Q heat transfer rate [W] 
Qequal equilibrium heat transfer rate [W] 
R inlet temperature difference-based thermal resistance [K/ 

W] 
Rwall thermal resistance of the wall [K/W] 
Re Reynolds number 
T temperature [◦C] 
T1 IWF inlet temperature of HEX-1 [◦C] 
T2 IWF outlet temperature of HEX-1 [◦C] 
ΔTm logarithmic mean temperature difference [◦C] 

Greek symbols 

α calculation coefficient, α =

(
4

μcπ

)a
CλcPrb

c
da+1

c 

β calculation coefficient, β = ARwall +
A

hhAh 

μ dynamic viscosity [μPa⋅s] 
λ thermal conductivity [W/m/K] 

Subscripts 
1 HEX-1 
2 HEX-2 
a air 
f fuel 
c cold fluid 
h hot fluid 
i inlet 
o outlet 
w1 intermediate working fluid in HEX-1 
w2 intermediate working fluid in HEX-2 
w intermediate working fluid 

Abbreviations 
ANN Artificial neural networks approach 
CCA Cooled Cooling Air 
HEX Heat exchanger 
HTC Heat transfer coefficient 
IHEC Intermediate heat-exchange cycle 
IWF Intermediate working fluid 
LMTD Logarithmic mean temperature difference 
PTCC Precooled Turbine Combined Cycle 
RBCC Rocket-based Combined Cycle 
TBCC Turbine-based Combined Cycle  
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method has proven successful in a wide range of thermal systems, 
including aircraft environment control systems [40], Organic Rankine 
Cycle Systems [41], district heating systems [42], absorption energy 
storage systems [43], and so forth. 

Despite the numerous advantages of the heat current method, there 
are still some pertinent considerations to be taken into account when 
utilizing it, particularly in relation to estimating the K of HEXs under 
different flight conditions. The artificial neural networks approach 
(ANN) is extensively employed for predicting the K. Goudarzi et al. [44] 
estimated the thermal contact conductance and suggested the Levenberg 
Marquardt algorithm. Zhang and A. Rahman [45] utilized ANN for 
predicting the oscillatory heat transfer coefficient (HTC) and proved the 
accuracy of the ANN model by comparing ANN model results with both 
published literature results and experimental results. Mini/micro- 
channels saturated flow boiling HTC has been predicted by Qiu et al. 
[46] using the ANN. However, the estimation of the K by using ANN still 
has some limits. The literature [46] pointed out that despite the 
improvement, certain results still exhibit a relatively high error rate of 
39.6%, indicating that excluding the obtained HTC from the model was 
not feasible. Furthermore, it should be noted that ANN does not exhibit 
explicit and clear correlations that can be directly extrapolated to 
specialized cases. Although ANN offers the capability to fit curves and 
provide statistical predictions for HTC, it falls short in incorporating the 
physical laws [47]. In this context, it is necessary to build a K estimating 
model combined with the physical laws to utilize the heat current 
method conveniently and appropriately. 

The present study experimentally investigates the thermodynamic 
characteristics of an IHEC system for aero engines. An experimental 
platform of a two-stage HEX combined IHEC system has been built using 
fuel, IWF, and air as working mediums. A theoretical analysis model of 
the system-level characteristics of the IHEC system is developed on the 
basis of the heat current method and the proposed method for estimating 
the K. The model's accuracy is subsequently validated through experi-
mental data, and an exploration of the heat transportation principle of 
the system is conducted under varying operating conditions. 

2. Experimental system and data reduction 

2.1. Experimental system 

The thermodynamic performance test rig for the IHEC system is 
depicted in Fig. 1. Four key sub-systems constitute the experimental 
setup: the IWF-path system, fuel-path system, air-path system, and 
cooling water-path system. For simulation purposes, high-temperature 
air serves as the heat source to imitate compressor bleed air, hydrocar-
bon fuel RP-3 at supercritical pressures is employed as the coolant, and 
the selected IWF for the system is high-pressure water to avoid boiling to 
maintain the stability of the system. Along the air path, adjusting and 
measuring the air mass flow rate is achieved using an electric control 
valve and a Coriolis mass flowmeter. Following this, an electric heater is 
employed to raise the air to a predetermined temperature. Subsequently, 
the high-temperature air exchanges heat with IWF in a serpentine tube 
HEX (HEX-1) and is directly discharged into the surroundings. Within 
the fuel pathway, RP-3 is pressurized by a triple plunger pump, sourced 
from the RP-3 storage tank at room temperature. Following its passage 
through a mass flowmeter, the fuel undergoes heating via the high- 
temperature IWF within an airfoil-fin printed circuit HEX (HEX-2). Af-
terward, the heated fuel undergoes cooling in a double-pipe water cooler 
and the fuel-path system pressure is regulated with a back-pressure 
valve. Ultimately, the fuel is recycled to the RP-3 tank as there is no 
coke production throughout the entire process. In the IWF path, before 
the experiment, use high-pressure nitrogen to pressurize the water in the 
IWF storage tank to the specific pressure. After that, high-pressure water 
is driven by a circulating pump and flows through a check valve used to 
prevent backflow. Adjusting the desired IWF mass flow rate is achieved 
with an electric control valve, while measurement is carried out using a 
mass flowmeter. Subsequently, IWF is heated by the air in HEX-1 after 
that flows into HEX-2 to be cooled by the fuel. Finally, IWF completes a 
closed cycle by returning to the IWF storage tank. As for the cooling 
water-path system, the double-pipe water cooler is adopted to cool the 
fuel. 

To measure the pressure drop and absolute pressure in the fuel, air, 

Fig. 1. Schematic diagram of the test rig for the IHEC system.  
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and IWF paths, Rosemount's differential pressure transducers (Model 
3051CD2) and absolute pressure transducers (Model 3051CA2, 
3051CA4) are utilized. Temperatures at the inlet and outlet sides of 
HEX-1 and HEX-2 are obtained using K-type sheathed thermocouples. 
Multiple data acquisition modules ADAM 4118 collect all measured 
data, and these signals are then channeled to ADAM 4520 before being 
linked to an Industrial Personal Computer. Thermal insulation material 
is applied to all high-temperature pipelines and HEXs to reduce heat 
loss. Table 1 provides the working range and uncertainty of direct 
measurements. Fig. 2 shows the photograph of the experimental setup 
and its main components. 

2.2. Data reduction 

The determination of heat transfer rates to the air, fuel, and IWF 
involves analyzing the measured mass flow rates (ma, mf, mw) and the 
temperatures of different working fluids, as below. The thermal prop-
erties of air and water and their uncertainties are obtained from the NIST 
[48]. The isobaric specific heat capacity and density of RP-3 are gained 
from the experimental results in the literature [49,50]. 

Qa = macp,a
(
Ta,i − Ta,o

)
(1)  

Qf = mf cp,f
(
Tf ,o − Tf ,i

)
(2)  

Qw1 = mwcp,w1
(
Tw1,o − Tw1,i

)
(3)  

Qw2 = mwcp,w2
(
Tw2,i − Tw2,o

)
(4)  

where Qa, Qf, Qw,1, Qw,2 is the Q of air, fuel, IWF within HEX-1, and IWF 
within HEX-2, respectively; cp,a, cp,f, cp,w1, cp,w2 is the cp of air, fuel, IWF 
within HEX-1, and IWF within HEX-2, respectively; Ta, Tf, Tw1, Tw2 is the 
temperature of air, fuel, IWF in HEX-1, and IWF in HEX-2, respectively, 
and subscript ‘i’ for inlet, ‘o’ for outlet. 

Table 1 
Range and uncertainty of direct measurements.  

Direct measurement Range Uncertainty 

Air mass flow rate 0–0.5 kg/s ±0.5% 
Fuel mass flow rate 0–0.5 kg/s ±0.2% 
IWF mass flow rate 0–0.5 kg/s ±0.15% 
Temperature 223.15–1423.15 K ±1.5 K 
Absolute pressure 0–10 MPa ±0.04% 
Absolute pressure 0–1 MPa ±0.04% 
Pressure drop 0–300 kPa ±0.04% 
Pressure drop 0–30 kPa ±0.04% 
Pressure drop 0–20 kPa ±0.04%  

Fig. 2. A photograph of the experimental setup and its main components.  

Table 2 
Uncertainties of the heat transfer rate and overall heat transfer coefficient.  

Parameters Uncertainty 

Heat transfer rate of air (Qa) 1.54% 
Heat transfer rate of fuel (Qf) 5.13% 
Heat transfer rate of IWF (Qw1 or Qw2) 2.83% 
Overall heat transfer coefficient of HEX-1 (K1) 1.68% 
Overall heat transfer coefficient of HEX-2 (K2) 5.20%  

Fig. 3. The energy flow model of the IHEC system.  
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The average Q between hot side and cold side of HEX-1 and HEX-2 is 
calculated as follows: 

Q1 =
(
Qa +Qw,1

)/
2 (5)  

Q2 =
(
Qf +Qw2

)/
2 (6) 

For the IHEC system under investigation in this study, disregarding 

heat losses, it can be inferred that Q1 and Q2 should be in equilibrium 
when the system reaches a stable state. Consequently, the system's 
equilibrium heat transfer rate is defined as Eq. (7). Moreover, for each 
HEX in the series layout, the IWF temperature should satisfy the 
following equations: 

Qequal = (Q1 +Q2)
/
2 =

(
Qa +Qf +Qw1 +Qw2

)/
4 (7)  

T1 = Tw1,i = Tw2,o (8)  

T2 = Tw1,o = Tw2,i (9)  

where T1 is the IWF inlet temperature of HEX-1, T2 is the IWF outlet 
temperature of HEX-1. Due to the neglect of heat losses, T1 and T2 
correspond to the outlet and inlet temperatures of HEX-2, respectively. 

HEXs within the system are all configured in a counterflow 
arrangement. The logarithmic mean temperature difference (LMTD) is 
computed by the following equations. 

ΔTm1 =

(
Ta,i − Tw1,o

)
−
(
Ta,o − Tw1,i

)

ln
(

Ta,i − Tw1,o
Ta,o − Tw1,i

) (10)  

ΔTm2 =

(
Tw2,i − Tf ,o

)
−
(
Tw2,o − Tf ,i

)

ln
(

Tw2,i − Tf ,o
Tw2,o − Tf ,i

) (11) 

The K of each HEX can be obtained as: 

K1 =
Q1

A1ΔTm1
(12)  

K2 =
Q2

A2ΔTm2
(13)  

where A is the heat exchange surface area of different HEXs. 

2.3. Uncertainty analysis 

The present study adopts the uncertainty analysis method described 
in Ref [51–53]. Assuming measurements with uncertainties δx1, δx2, …, 
δxn for variables x1, x2, …, xn, the values obtained are utilized in the 
computation of the variable (y) as shown in Eq. (14). In the case of in-
dependent and random uncertainties in x1, x2, …, xn, the uncertainty in 

Fig. 4. Comparison of heat transfer rate between hot-side fluid and cold-side 
fluid for each HEX for all experimental data. 

Table 3 
Experimental parameters for variable air inlet temperature.  

Parameter Value Parameter Value 

ma (kg/s) 0.202 Tf,i (◦C) 34.0–44.0 
mw (kg/s) 0.102 Pa,i (MPa) 0.103 
mf (kg/s) 0.233 Pw1,i (MPa) 2.026 
Ta,i (◦C) 152.0–399.5 Pf,i (MPa) 2.995  

Fig. 5. Inlet temperature difference-based thermal resistance variations with 
air inlet temperature. 

Fig. 6. Equilibrium heat transfer rate within the system variations with air inlet 
temperature. 
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y is: 

y = f(x1, x2,…, xn) (14)  

δy =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂y
∂x1

δx1

)2

+

(
∂y
∂x2

δx2

)2

+ ⋯ +

(
∂y
∂xn

δxn

)2
√

(15) 

Combining the uncertainty of direct measurements, the uncertainties 
of Q and K of each HEX are detailed in Table 2. 

3. Thermodynamic performance model for the IHEC system 

Basically, incorporating actual operational conditions, there are four 
parameters that contribute to the thermodynamic characteristics of the 
IHEC system: Ta,i, ma, mf, and mw. This study investigates the influence 
patterns of these four parameters and develops mathematical models on 
the basis of the heat current method and K estimating model, incorpo-
rating experimental data. By employing the theoretical analysis model, 
the temperature at each node of the IHEC system and the system's heat 

load can be conveniently and quickly calculated when the high- 
temperature heat source inlet temperature Ta,i, low-temperature cold 
source inlet temperature Tf,i, and the mass flow rates of the three 
working mediums are known in the IHEC system. 

3.1. Heat current model of IHEC 

Employing the heat current method [36], it is possible to construct 
the energy flow model of the IHEC system by connecting state points 
with the same temperature, as presented in Fig. 3. The system's topo-
logical relations can be expressed through mathematical equations 
derived from Kirchhoff's voltage law as below: 

Ta,i − Tf ,i = QequalR1 −
Qequal

mwcp,w
+QequalR2 (16)  

Ta,i − T1 = QequalR1 (17)  

Fig. 7. Temperature variation with air inlet temperature at each node of the IHEC system.  
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Ta,i − T2 = QequalR1 −
Qequal

mwcp,w
(18)  

Ta,i − Ta,o =
Qequal

macp,a
(19)  

Tf ,o − Tf ,i =
Qequal

mf cp,f
(20) 

The inlet temperature difference-based thermal resistance of HEX-1 
and HEX-2 is defined as: 

R1 =

mwcp,wexp
(

K1A1
macp,a

)

− macp,aexp
(

K1A1
mwcp,w

)

(
macp,a

)(
mwcp,w

)
[

exp
(

K1A1
macp,a

)

− exp
(

K1A1
mwcp,w

)] (21)  

R2 =

mf cp,f exp
(

K2A2
mwcp,w

)

− mwcp,wexp
(

K2A2
mf cp,f

)

(
mwcp,w

)(
mf cp,f

)
[

exp
(

K2A2
mwcp,w

)

− exp
(

K2A2
mf cp,f

)] (22)  

3.2. The approach to estimating the K of HEX 

As depicted in Eqs. (21) and (22), a convenient and accurate esti-
mation of K is the key to solving the model. This study presents a model 
for K estimation based on fluid mass flow rate through theoretical 
derivation. It pertains to the situation wherein the K of a HEX varies with 
the hot/cold-side fluid mass flow rate while maintaining a constant mass 
flow rate of the other side. The approach relies on the fundamental 
principles of heat transfer rather than statistical laws and involves the 
incorporation of adjustable coefficient constants based on experimental 
data to establish an adequate correlation. To simplify the model, the K 
estimation model of HEX is built upon the following assumptions: 1) the 
thermal properties of working mediums are constant; 2) the HTC re-
mains consistent in the fluid with a constant mass flow rate, while the 
HTC of the other fluid varies with the flow conditions. 

The K of HEX can be written as: 

K =
1

A
(

1
hcAc

+ Rwall +
1

hhAh

) (23)  

where Rwall represents the thermal resistance attributed to thermal 

Fig. 8. Prediction errors of all parameters with different air inlet temperatures.  

Table 4 
Experimental parameters for variable air mass flow rate.  

Parameter Value Parameter Value 

ma (kg/s) 0.088–0.321 Tf,i (◦C) 25.0–35.6 
mw (kg/s) 0.104 Pa,i (MPa) 0.103 
mf (kg/s) 0.234 Pw1,i (MPa) 1.753 
Ta,i (◦C) 243.9 Pf,i (MPa) 2.965  

Fig. 9. Comparison of K1 as a function of ma between experimental and esti-
mated results. 

Fig. 10. Equilibrium heat transfer rate within the system variations with air 
mass flow rate. 
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conduction across the wall, h represents the HTC, and subscript ‘c’ for 
the cold fluid, ‘h’ for the hot side. 

Assuming that hh is constant and hc varies with the flow conditions. 
The Dittus-Boelter formula can be employed to represent the Nusselt 
number (Nu) equation: 

Fig. 11. Temperature variation with air mass flow rate at each node of the IHEC system.  

Fig. 12. Prediction errors of all parameters with different air mass flow rates.  

Table 5 
Experimental parameters for variable fuel mass flow rate.  

Parameter Value Parameter Value 

ma (kg/s) 0.202 Tf,i (◦C) 31.7–34.5 
mw (kg/s) 0.071 Pa,i (MPa) 0.103 
mf (kg/s) 0.098–0.274 Pw1,i (MPa) 1.635 
Ta,i (◦C) 248.1 Pf,i (MPa) 3.072  

Fig. 13. Comparison of K2 as a function of mf between experimental and esti-
mated results. 
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Nuc = CRea
cPrb

c =
hcdc

λc
(24)  

where C, a, and b serve as coefficients to be determined, λc, Prc, and Rec 
are the thermal conductivity, Prandtl number, and Reynolds number of 
the cold fluid, respectively. Rec could be expressed as: 

Rec =
4mc

μcπdc
(25)  

where μc is the dynamic viscosity of the cold fluid. 

Putting α =

(
4

μcπ

)a
CλcPrb

c
da+1

c 
and β = ARwall +

A
hhAh

, combining Eqs. (23)– 

(25) gives the expression of HTC of cold fluid and K as follows: 

hc = αma
c (26)  

K =

Ac
A αma

c

1 + Ac
A αβma

c
(27) 

It is easy to obtain that for the case where hc is constant and hh varies 
with the flow conditions, a similar expression can be introduced. 
Therefore, the variation of the K of HEX with fluid mass flow rate can be 
expressed in the following simple form with three constants C1, C2, and 
C3. 

K =
C1mC3

1 + C2mC3
(28) 

Based on the experimental data, the three constants can be easily 
determined by using the Levenberg-Marquardt algorithm. In summary, 
by substituting Eq. (28) into the calculation of R, the heat current 
method can be conveniently and efficiently applied. 

3.3. Mathematical model of air inlet temperature effect 

For the effects of Ta,i on the systematic thermodynamic performance, 
since mass flow rates of the three working mediums are fixed, the K of 
HEX-1 and HEX-2 are treated as unchanging, i.e. R1 and R2 can be 
considered as constant. As a result, Eq. (16) transforms into a univariate 
function of Qequal concerning Ta,i and it can be reorganized as below: 

Qequal =
1

R1 −
1

mwcp,w
+ R2

Ta,i −
Tf ,i

R1 −
1

mwcp,w
+ R2

(29) 

Substituting Eq. (29) into Eqs. (17)–(20), the following expressions 
are obtained, which present the impact of Ta,i on the thermodynamic 
characteristics of the IHEC system. On the basis of these equations, a 
linear relationship with Ta,i is evident in the behavior of these 
parameters. 

T1 =
R2 −

1
mwcp,w

R1 −
1

mwcp,w
+ R2

Ta,i +
Tf ,iR1

R1 −
1

mwcp,w
+ R2

(30)  

T2 =
R2

R1 −
1

mwcp,w
+ R2

Ta,i +

Tf ,i

(

R1 −
1

mwcp,w

)

R1 −
1

mwcp,w
+ R2

(31)  

Ta,o =

macp,a

(

R1 −
1

mwcp,w
+ R2

)

− 1

macp,a

(

R1 −
1

mwcp,w
+ R2

) Ta,i +
Tf ,i

macp,a

(

R1 −
1

mwcp,w
+ R2

) (32)  

Tf ,o =
1

mf cp,f

(

R1 −
1

mwcp,w
+ R2

)Ta,i +

mf cp,f

(

R1 −
1

mwcp,w
+ R2

)

− 1

mf cp,f

(

R1 −
1

mwcp,w
+ R2

) Tf ,i

(33)  

3.4. Mathematical model of air mass flow rate effect 

For the effect of ma on the systematic thermodynamic performance, 
considering K1 varies with ma, R1 is a single-variable function relative to 
ma and can be written as below: 

R1 = R1(ma) (34)  

where R1(ma) is a function of R1 on ma. Substituting Eq. (34) into Eqs. 
(16)–(20), the thermodynamic characteristics of the effect of ma on the 
system can be obtained as shown below: 

Qequal =
Ta,i − Tf ,i

R1(ma) −
1

mwcp,w
+ R2

(35)  

T1 =

Tf ,iR1(ma) + Ta,i

(

R2 −
1

mwcp,w

)

R1(ma) −
1

mwcp,w
+ R2

(36)  

T2 =
mwcp,wTf ,iR1(ma) +

(
mwcp,wTa,iR2 − Tf ,i

)

mwcp,w

(

R1(ma) −
1

mwcp,w
+ R2

) (37)  

Ta,o = Ta,i −
Ta,i − Tf ,i

macp,a

(

R1(ma) −
1

mwcp,w
+ R2

) (38)  

Tf ,o = Tf ,i +
Ta,i − Tf ,i

mf cp,f

(

R1(ma) −
1

mwcp,w
+ R2

) (39)  

3.5. Mathematical model of fuel mass flow rate effect 

The impact of mf on the systematic thermodynamic performance is 
influenced by the variation of K2 with mf. As a result, the inlet 
temperature-based thermal resistance R2 becomes a univariate function 
concerning mf, and its expression is as follows: 

R2 = R2
(
mf

)
(40)  

where R2 (mf) is a function of R2 on mf. Through the substitution of Eq. 
(40) into Eqs. (16)–(20), the thermodynamic characteristics pertaining 

Fig. 14. Equilibrium heat transfer rate within the system variations with air 
mass flow rate. 
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to the impact of mf on the system can be derived, as illustrated below: 

Qequal =
Ta,i − Tf ,i

R1 −
1

mwcp,w
+ R2

(
mf

) (41)  

T1 =

Ta,iR2
(
mf

)
+

(

Tf ,iR1 − Ta,i
1

mwcp,w

)

R1 −
1

mwcp,w
+ R2

(
mf

) (42)  

T2 =

Ta,iR2
(
mf

)
+ Tf ,i

(

R1 −
1

mwcp,w

)

R1 −
1

mwcp,w
+ R2

(
mf

) (43)  

Ta,o = Ta,i −
Ta,i − Tf ,i

macp,a

(

R1 −
1

mwcp,w
+ R2

(
mf

)
) (44)  

Tf ,o = Tf ,i +
Ta,i − Tf ,i

mf cp,f

(

R1 −
1

mwcp,w
+ R2

(
mf

)
) (45)  

3.6. Mathematical model of IWF mass flow rate effect 

For effects of mw on the systematic thermodynamic performance, 
taking into account that both K1 and K2 change with mw, the inlet 
temperature-based thermal resistance R1 and R2 are both univariate 
functions of mw, as demonstrated below: 
{

R1 = R1(mw)

R2 = R2(mw)
(46)  

where R1(mw) and R2(mw) are the functions of R1 and R2 on mw, 
respectively. Substituting Eq. (46) into Eqs. (16)–(20), the thermody-
namic characteristics of the effect of mw on the system can be obtained as 
shown below: 

Fig. 15. Temperature variation with fuel mass flow rate at each node of the IHEC system.  
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Fig. 16. Prediction errors of all parameters with different fuel mass flow rates.  

Table 6 
Experimental parameters for variable IWF mass flow rate.  

Parameter Value Parameter Value 

ma (kg/s) 0.204 Tf,i (◦C) 28.7–34.3 
mw (kg/s) 0.071–0.375 Pa,i (MPa) 0.103 
mf (kg/s) 0.236 Pw1,i (MPa) 1.645 
Ta,i (◦C) 247.8 Pf,i (MPa) 2.963  

Fig. 17. Comparison of overall heat transfer coefficient as a function of mw between experimental and estimated results.  

Fig. 18. Equilibrium heat transfer rate within the system variations with IWF 
mass flow rate. 
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Qequal =
Ta,i − Tf ,i

R1(mw) −
1

mwcp,w
+ R2(mw)

(47)  

T1 =
Ta,iR2(mw) + Tf ,iR1(mw) − Ta,i

1
mwcp,w

R1(mw) −
1

mwcp,w
+ R2(mw)

(48)  

T2 =

Ta,iR2(mw) + Tf ,i

(

R1(mw) −
1

mwcp,w

)

R1(mw) −
1

mwcp,w
+ R2(mw)

(49)  

Fig. 19. Temperature variation with IWF mass flow rate at each node of the IHEC system.  

Fig. 20. Temperature variation of HEX-2 with IWF mass flow rate.  Fig. 21. Prediction errors of all parameters with different IWF mass flow rates.  
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Ta,o = Ta,i −
Ta,i − Tf ,i

macp,a

(

R1(mw) −
1

mwcp,w
+ R2(mw)

) (50)  

Tf ,o = Tf ,i +
Ta,i − Tf ,i

mf cp,f

(

R1(mw) −
1

mwcp,w
+ R2(mw)

) (51) 

In conclusion, using the heat current method combining the K esti-
mation method illustrates the overall thermal characteristics of the IHEC 
system, as shown in the above equations. These equations provide a 
convenient way to analyze the thermal characteristics of the system as 
well as to predict heat loads and temperatures. 

4. Analysis of systematic thermodynamic performance 

To validate the precision of the above theoretical model and inves-
tigate the influence patterns of these four parameters, the experimental 
investigation was conducted based on the test rig shown in Section 2. 
The comparison of heat transfer rate between the cold and hot-side 
fluids for each HEX for all experimental data is plotted in Fig. 4, illus-
trating a relative deviation within 10%, which demonstrates the reli-
ability of the experiments. 

4.1. Effect of air inlet temperature 

Experiments have been conducted with varying Ta,i and Table 3 in-
dicates the boundary conditions. Since fuel circulates through the fuel- 
water cooler, under circumstances of a relatively high air inlet temper-
ature, there is a slight increase in fuel inlet temperature, limited by the 
cooling capacity of the fuel-water cooler. However, this does not impact 
the conclusion. 

Fig. 5 illustrates the changes in R1 and R2 with the increment of Ta,i. It 
can be observed that R2 remains largely unchanged, while R1 exhibits 
minor variations. This indicates that the assumptions made regarding 
thermal resistance in Section 3.3 are valid. Fig. 6 exhibits the changes in 
the Qequal within the system concerning Ta,i for both experimental and 
simulated results. Firstly, the experimental results closely match the 
simulated results obtained based on the theoretical model, confirming 
the accuracy of the theoretical model. Moreover, an increase in Ta,i, 
typically caused by a rise in flight Mach number, results in an elevated 
thermal load on the IHEC system, which implies a greater capacity to 
remove heat from the system. This phenomenon is a result of the 
elevated temperature difference across HEX. Based on this character-
istic, for thermal management strategies of aero engines, increasing the 
flight Mach number, reducing the flight altitude, or increasing the 
pressure ratio can enable the IHEC system to transfer more heat sink, 
thereby raising the fuel temperature and enhancing combustion effi-
ciency. The variation of temperature with Ta,i at each node of the IHEC 
system is depicted in Fig. 7. The deviation between simulated and 
experimental results is quite small and these parameters are approxi-
mately linearly related to Ta,i, which is consistent with the results ob-
tained from the theoretical derivation in Section 3.3. Since air is the only 
high-temperature heat source for the IHEC system, as Ta,i increases, the 
temperature at each node of the IHEC system rises. Given that boiling of 
the IWF in the IHEC system should be prevented to avoid compromising 
system stability, therefore, in the practical application of the IHEC sys-
tem, when Ta,i increases, it is also important to monitor the T1 and T2 to 
prevent them from exceeding the boiling point. 

Fig. 8 presents the prediction errors of all parameters with different 
Ta,i. All the prediction errors between simulation and experimental 
values of the above five parameters of the IHEC system are less than 
10%, which validates the proposed theoretical model. 

4.2. Effect of air mass flow rate 

Table 4 indicates the boundary conditions for the tests with different 
ma. Considering K1 varies with ma, using the proposed method for esti-
mating the K of HEX. The comparison of K1 as a function of ma between 
experimental and estimated results is displayed in Fig. 9. The maximum 
relative deviation between the two lines is 2.02%, which suggests the 
proposed method for estimating the K of HEX has high accuracy to 
support the application in the theoretical model. 

Fig. 10 depicts the changes in Qequal within the system with ma for 
both experimental and simulated results. At relatively low ma (about ma 
< 0.304 kg/s), Qequal within the system increases rapidly with ma. 
However, the growth of Qequal gradually slows down, reaching a stable 
value when the ma is high. Two key factors contribute to this phenom-
enon. On one hand, as ma increases, it enhances heat transfer in HEX-1, 
resulting in an increase in K1. On the other hand, with Ta,i held constant, 
the total heat from the system's high-temperature heat source increases 
with ma. Nevertheless, the system's cooling source maintains a constant 
inlet temperature and mass flow rate, leading to a consistent maximum 
cooling capacity for the IHEC system. Consequently, as ma increases, the 
growth of Qequal gradually slows down. This indicates that the maximum 
heat sink transport capacity of the IHEC system is limited by the cold 
source, for the formulation of thermal management strategies for the 
IHEC system, the total amount of cold source carried by the aero engine 
should be fully considered. Continuously increasing the air intake will 
not result in an endless increase in the transported heat sink. Fig. 11 
presents the temperature variation with ma at each node of the IHEC 
system. As observed in Fig. 11 (a) and (b), the intermediate temperature 
increases with the increase in ma. IWF in the intermediate circuit 
transfers heat through HEX-1 and K1 increases, so the intermediate 
temperatures T1 and T2 increase, leading to the increase of fuel outlet 
temperature, as presented in Fig. 11 (d). Since the cold-side inlet tem-
perature of HEX-1 (T1) increases, there is a tendency for the air outlet 
temperature to rise as presented in Fig. 11 (c). Similar to the effect of air 
inlet temperature, in the practical application of the IHEC system, when 
adjusting the air mass flow rate, continuous attention should be given to 
T1 and T2 to avoid exceeding the IWF boiling point. 

The prediction errors for various parameters across different ma are 
represented in Fig. 12. Notably, the prediction errors for all five pa-
rameters within the IHEC system, comparing experimental to simulated 
values, consistently exhibit a deviation of less than ±7.5%, which vali-
dates the proposed theoretical model. 

4.3. Effect of fuel mass flow rate 

Table 5 shows the boundary conditions for the tests with different mf. 
Taking into account that K2 varies with mf, applying the proposed 
methodology for estimating the K of HEX. Fig. 13 presents the com-
parison of K2 as a function of mf between experimental and estimated 
results. At relatively high fuel mass flow rates, the relative error between 
the two curves is a little large, reaching a maximum of approximately 
− 7.46%. However, given the measurement uncertainty of K2 at 5.20% 
shown in Table 2, this relative deviation falls within an acceptable 
range. Consequently, the proposed K estimation method still maintains a 
favorable level of precision. 

Fig. 14 illustrates the variation of Qequal within the system with mf for 
both experimental and simulated results. An increase in mf leads to 
enhanced heat transfer, resulting in an increase in K2. This enhanced fuel 
cooling capacity implies the ability to remove more heat from the IHEC 
system, hence causing an increase in Qequal within the system. Similar to 
the situation described in Section 4.2, when approaching the system's 
maximum cooling capacity limit, the growth of Qequal gradually slows 
down, reaching a stable value. However, as shown in Fig. 14, when mf 
exceeds 0.226 kg/s, a minor downward trend in Qequal is observed (with 
a decrease of <1 kW). This phenomenon can be attributed to the PID 
feedback-controlled temperature regulation employed in the electric 
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heater, which induces sinusoidal oscillations in the air inlet tempera-
ture. The amplitude of these oscillations is approximately ±7 K. For 
cases where mf exceeds 0.226 kg/s, the air inlet temperature is at a 
trough of the sinusoidal wave, resulting in a slight decrease in Qequal. As 
for the temperature variation with the increment of mf at each node of 
the IHEC system, due to the increased cooling capacity on the cold side 
of HEX-2, T1 decreases as displayed in Fig. 15 (a). Since IWF circulates in 
the intermediate circuit to transfer heat and the cold side inlet temper-
ature of HEX-1 (T1) drops, T2 and Ta,o decrease as illustrated in Fig. 15 
(b) and (c). Besides, IWF is the cold-side working fluid of HEX-2, and its 
temperature decreases, leading to a decrease in fuel outlet temperature 
as depicted in Fig. 15 (d). For the thermal management of the IHEC 
system, to reduce the fuel temperature and prevent it from exceeding the 
maximum allowable temperature, which could lead to fuel coking and 
potential pipeline blockages, the fuel mass flow rate can be increased. 
This also brings additional benefits, such as a lower air outlet temper-
ature, which is beneficial for subsequently cooling the turbine with the 
cooled air, thereby enhancing the thermal efficiency of the aero engine. 

The prediction errors for various parameters across different mf 
exhibit a deviation of less than ±10% as depicted in Fig. 16, which 
validates the proposed theoretical model. 

4.4. Effect of IWF mass flow rate 

Table 6 demonstrates the boundary conditions for the tests with 
different mw. Due to the circulating flow of IWF within the intermediate 
circuit, variations in its mass flow rate result in changes in the K of both 
HEX-1 and HEX-2. Using the proposed estimation method, the com-
parison of the K as a function of mw between experimental and estimated 
results is illustrated in Fig. 17. K1 exhibits a better fit, with a maximum 
relative deviation of 1.44% observed between the two curves in Fig. 17 
(a). As for K2, at relatively large mass flow rates (about mw > 0.13 kg/s), 
the fitting accuracy is slightly lower, exhibiting a maximum relative 
deviation of 12.36% and an average relative deviation of − 7.93% 
observed between the two curves as depicted in Fig. 17 (b). This phe-
nomenon is attributed to the larger design margin of HEX-2. When mw 
exceeds 0.13 kg/s, HEX-2 reaches its heat transfer performance limit, 
and the outlet temperature on the cold side approaches the inlet tem-
perature on the hot side. This results in significant sensitivity of the 
LMTD calculation to experimental fluctuations, thereby leading to 
substantial fluctuations in the experimental results of K2. 

The variation of Qequal within the system with mw for both simulated 
and experimental results is represented in Fig. 18. Unlike the situation 
discussed above, variations in mw affect the K of all HEXs within the 
system. Additionally, thermal resistances R1 and R2 exhibit severe 
nonlinearity, as shown in Eqs. (21) and (22). As a result, Qequal within the 
system undergoes complex oscillatory changes as a function of mw. 
However, the variation of Qequal within the system generally follows a 
downward tendency with rising mw because of the increasing air outlet 
temperature (Ta,o), which is shown in Fig. 19 (c). Fig. 19 presents the 
variation of temperature with mw at each node of the IHEC system. For 
HEX-2, IWF serves as a heat source and the total heat increases with the 
increase in mw. Nevertheless, the fuel cooling capacity gradually reaches 
its limit, leading to simultaneous increases in heat source outlet tem-
perature (T1) and fuel outlet temperature of HEX-2 (Tf,o), as presented in 
Fig. 19 (a) and (d). As for HEX-1, IWF serves as the cooling source, as the 
total amount of the cold source increases, the limited air preheating 
capability results in a decrease in cold source outlet temperature (T2), as 
demonstrated in Fig. 19 (b). For an individual HEX, an increase in the 
cold source mass flow rate should lead to a decrease in heat source outlet 
temperature. However, due to the circulating flow of IWF within the 
IHEC system, the increase in T1 and the interplay between these factors 
result in a complex variation in the air outlet temperature, which is 
represented in Fig. 19 (c). Fig. 20 illustrates the variation of Tf,o and T2 as 
a function of mw, it can be seen that when mw exceeds 0.2 kg/s, Tf,o and 
T2 are essentially equal, indicating that HEX-2 has reached its heat 

transfer performance limit, signifying an excess of heat transfer area for 
HEX-2 at this situation. The nonlinearity of the curves in Figs. 17–19 is 
primarily attributed to three factors: the high nonlinearity of the 
mathematical model, the complex impact of the IWF mass flow rate on 
the IHEC system, and the excessive heat transfer area of HEX-2 leading 
to its reaching the heat transfer limit. 

Based on the aforementioned results, for the thermal management of 
the IHEC system, adjusting the IWF mass flow rate will have different 
effects on the system parameters. Since the IWF serves merely as a 
transport medium, essentially, its mass flow rate changes do not 
significantly affect the total amount of heat sink transferred. Increasing 
the mw can reduce T2, which helps to prevent IWF boiling, but it will 
result in a higher fuel outlet temperature. Moreover, T1 will also in-
crease, leading to a higher working temperature of the circulating pump, 
thus raising the risk of its failure. Overall, the IHEC system can prevent 
IWF boiling by increasing the mw, but attention must be paid to the 
working temperature of the circulating pump during this adjustment 
process to avoid exceeding its maximum allowable working 
temperature. 

Fig. 21 displays the prediction errors of all parameters with different 
mw. The prediction errors for the above five parameters within the IHEC 
system are less than ±7.5%, which validates the proposed theoretical 
model. Besides, it reveals that the K fitting results with relatively sig-
nificant fitting errors (maximum relative error of 12.36%) do not 
significantly affect the predictive accuracy of the heat current model for 
the IHEC system. 

5. Conclusions 

The present study constructs an experimental platform of a two-stage 
HEX combined IHEC system, using air, IWF, and fuel as working me-
diums, to experimentally investigate the thermodynamic characteristics 
of an IHEC system for aero engines. A theoretical analysis model of the 
system-level characteristics of the IHEC system has been established on 
the basis of the heat current method and the proposed method for esti-
mating the K. The impact of air inlet temperature, air mass flow rate, fuel 
mass flow rate, and IWF mass flow rate on systematic heat trans-
portation characteristics has been discussed. Overall, the present find-
ings contribute to a deeper understanding of the IHEC system's behavior 
and offer a convenient mathematical model for its thermodynamic 
analysis. The following points summarize the key findings.  

(1) The proposed method for estimating the K of HEX demonstrates 
high accuracy. The maximum average relative deviation between 
the experimental and simulation values for all cases is − 7.93%.  

(2) The deviation between the simulated and experimental results of 
system heat load and temperature at each node of the IHEC sys-
tem for the four discussed situations are all less than ±10%. This 
reveals the validity of the proposed thermodynamic performance 
analysis model built on the heat current method and K estimating 
model, which provides a mathematical algorithm for quickly and 
conveniently analyzing the thermodynamic characteristics of the 
IHEC system. 

(3) An increase in fuel mass flow rate leads to a decrease in tem-
peratures at each node of the system, while the system's equi-
librium heat transfer rate first increases and then stabilizes.  

(4) Variations in IWF mass flow rate can have a complex impact on 
the IHEC system and are influenced by the design margin and 
heat transfer capacity of HEXs within the system. Analysis should 
be tailored to the specific circumstances. 
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Appendix A. Experimental data 

In this appendix, the experimental data under different cases (variable air inlet temperature, air mass flow rate. fuel mass flow rate, IWF mass flow 
rate) are given.    

ma mw mf Ta,i Ta,o Tw1,i Tw1,o Tf,i Tf,o Tw2,i Tw2,o Qa Qw1 Qf Qw2 

(kg/s) (kg/s) (kg/s) (◦C) (◦C) (◦C) (◦C) (◦C) (◦C) (◦C) (◦C) (kW) (kW) (kW) (kW) 

Ta,i variation 0.204 0.102 0.235 152.04 90.08 39.69 71.46 33.97 67.00 75.32 39.50 12.82 13.61 15.41 15.35 
0.196 0.099 0.227 191.99 108.52 42.92 85.71 35.86 78.85 90.81 42.85 17.15 18.40 20.44 20.63 
0.203 0.103 0.234 274.02 146.69 49.81 116.00 40.36 104.22 123.59 48.60 26.56 28.60 31.18 32.42 
0.202 0.103 0.234 313.33 162.71 51.94 129.95 41.65 115.32 138.49 50.79 31.41 33.77 36.42 38.00 
0.203 0.103 0.234 357.20 181.81 54.77 146.04 43.25 128.62 155.71 53.82 37.04 39.58 42.82 44.23 
0.203 0.103 0.234 399.82 198.84 57.63 161.87 44.03 140.68 172.03 55.75 42.81 45.22 49.08 50.50 

ma variation 

0.321 0.104 0.234 248.15 152.34 44.66 126.64 35.65 110.77 133.76 45.33 31.56 35.94 36.82 38.82 
0.304 0.104 0.234 251.71 149.99 43.58 123.79 34.68 108.32 130.89 44.18 31.76 35.14 35.96 38.02 
0.282 0.104 0.235 248.13 143.64 42.24 117.34 33.82 102.87 124.04 42.84 30.20 32.87 33.52 35.56 
0.257 0.104 0.235 248.64 138.22 40.48 111.65 32.63 98.29 118.43 41.07 29.11 31.06 31.71 33.79 
0.205 0.104 0.235 242.68 123.65 37.30 97.38 30.30 87.12 103.07 37.73 24.89 26.17 27.07 28.47 
0.175 0.104 0.235 241.90 115.45 35.57 89.44 29.17 81.40 95.28 35.83 22.65 23.42 24.72 25.86 
0.149 0.104 0.235 239.68 104.75 33.30 80.05 27.60 74.40 86.02 33.59 20.48 20.26 21.94 22.72 
0.116 0.103 0.236 241.70 92.26 31.52 71.13 26.54 65.46 75.08 31.42 17.71 17.10 18.05 18.85 
0.088 0.103 0.236 232.30 77.13 29.00 59.89 24.98 55.56 62.91 29.33 13.86 13.28 14.03 14.43 

mf variation 

0.202 0.071 0.274 242.41 128.93 33.81 118.21 33.69 79.10 124.46 34.46 23.44 25.15 25.13 26.84 
0.202 0.071 0.258 245.66 131.02 34.31 120.02 34.02 82.39 126.15 34.83 23.72 25.54 25.27 27.24 
0.204 0.071 0.226 250.06 133.48 35.29 122.11 34.41 90.19 128.98 36.57 24.36 25.87 25.75 27.56 
0.202 0.071 0.210 250.86 133.90 35.84 122.86 34.45 94.43 129.44 36.71 24.20 25.93 25.90 27.66 
0.203 0.071 0.194 250.53 134.13 36.48 123.22 34.41 98.82 129.47 37.66 24.21 25.86 25.72 27.40 
0.203 0.071 0.177 251.08 134.68 37.50 123.85 34.22 103.95 130.29 39.01 24.20 25.76 25.61 27.26 
0.203 0.071 0.162 250.12 135.14 38.84 123.94 34.11 109.50 131.27 40.84 23.88 25.41 25.54 27.03 
0.203 0.071 0.146 248.72 136.04 41.32 124.74 33.96 115.71 132.40 44.07 23.41 24.94 25.10 26.44 
0.202 0.071 0.129 249.02 137.80 46.00 128.23 33.70 121.60 133.69 48.97 23.05 24.65 24.01 25.43 
0.203 0.071 0.114 246.81 139.44 50.30 129.58 33.47 128.27 136.05 55.04 22.34 23.80 22.95 24.35 
0.203 0.071 0.098 243.76 142.09 57.82 132.95 33.11 135.17 139.08 64.80 21.09 22.58 21.41 22.36 

mw variation 

0.204 0.070 0.236 244.19 128.33 29.06 116.62 28.73 84.03 124.92 30.52 24.22 25.86 26.32 27.90 
0.203 0.091 0.236 248.11 127.68 34.21 104.23 30.79 87.85 111.49 35.55 25.03 26.68 27.33 28.96 
0.203 0.111 0.236 249.91 126.50 37.91 95.93 31.57 88.96 102.27 40.07 25.69 26.96 27.50 28.92 
0.203 0.129 0.236 248.31 126.67 43.30 92.25 32.24 89.93 97.81 44.37 25.25 26.48 27.69 28.93 
0.204 0.149 0.236 245.30 125.79 47.03 88.87 32.59 88.50 93.36 48.05 24.94 26.07 26.82 28.25 
0.201 0.170 0.235 245.67 128.74 53.40 89.25 33.00 90.09 93.43 52.51 24.08 25.50 27.42 29.11 
0.205 0.190 0.235 248.01 130.01 56.65 88.56 33.34 89.96 92.56 55.94 24.73 25.39 27.20 29.14 
0.204 0.209 0.235 252.62 129.62 57.52 87.00 33.30 89.47 91.04 59.05 25.66 25.86 26.95 28.08 
0.203 0.230 0.236 245.46 130.81 61.95 87.54 33.72 88.97 90.74 62.76 23.79 24.70 26.56 27.03 
0.204 0.250 0.236 246.04 131.66 64.06 87.48 33.92 89.03 90.68 65.43 23.84 24.49 26.48 26.41 
0.205 0.269 0.236 254.17 133.34 65.37 87.83 33.99 89.37 91.03 67.12 25.32 25.32 26.62 26.97 
0.204 0.289 0.235 245.52 132.21 66.99 86.79 34.07 88.46 89.75 67.77 23.66 24.03 26.11 26.68 
0.204 0.310 0.235 248.80 133.43 68.73 87.22 34.07 89.04 90.15 69.06 24.11 24.00 26.38 27.38 
0.203 0.330 0.235 250.24 134.13 70.20 87.50 34.27 89.42 90.46 70.90 24.11 23.92 26.49 27.06 
0.202 0.351 0.235 246.73 133.74 71.25 87.24 34.24 88.98 89.99 71.41 23.36 23.52 26.29 27.32 
0.204 0.375 0.235 246.16 134.03 72.50 87.39 34.33 89.00 90.03 73.22 23.37 23.42 26.24 26.44  
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