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A set of key performance parameters (KPPs) for thermal management system (TMS) 

components was developed for use in system sizing and analysis. These KPPs were defined at 

three different levels of performance corresponding to different ranges of Technology 

Readiness Levels. KPP values were determined based on a large dataset that includes analysis 

and testing data from literature, NASA-funded research, and commercial product datasheets. 

These KPPs were then used to perform a TMS sizing and analysis of the SUbsonic Single Aft 

eNgine (SUSAN) aircraft. Total TMS mass, power consumption, and drag is quantified at each 

KPP level, showing decreasing trends as the level of technology improves. 

I. Nomenclature 

G = thermal conductance 

ṁ = coolant mass flow rate 

P = power 

Q = component heat load 

Thotspot = component hotspot temperature 

Tin = component inlet coolant temperature 

Tout = component outlet coolant temperature 

V̇ = coolant volumetric flow rate 

Δp = coolant pressure drop 

εcooling = cooling effectiveness 

εHX = heat exchanger effectiveness 

II. Introduction 

Electrified aircraft thermal management system (TMS) design has been a subject of recent interest with several 

different architectures and thermal management technologies under consideration [1–3]. These aircraft produce most 

or all their propulsive power using electrical powertrains, so they generate orders of magnitude more waste heat than 

electrical power systems on traditional fuel-burning aircraft. Furthermore, the heat is more difficult to reject than 

compared to the combustion process for jet engine propulsion, wherein most of the heat is discharged through the 

exhaust gas. For electrified propulsion, the heat is typically generated by electrical losses in motor windings, power 

electronic devices, battery cells, and other components that are not as intrinsically coupled to the freestream air as a 

turbine engine. Therefore, it is a significant challenge to design a TMS that can reject this heat without negating the 

benefits of electrification through additional TMS weight, drag, and power consumption. Many previous studies have 

sized and modeled electrified aircraft TMSs, but few have given consideration to the failure modes of the system and 

the required redundancy of components. Furthermore, many studies do not size the TMS or evaluate performance in 

the full range of environments in which current aircraft are certified to fly. This study aims to quantify the weight, 
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drag, and power consumption of a realistically sized and redundant TMS architecture using the SUbsonic Single Aft 

eNgine (SUSAN) aircraft concept. 

SUSAN is a 180-passenger regional aircraft concept designed by National Aeronautics and Space Administration 

(NASA) with the intent of reducing emissions within the 2035–2040 time frame through several advanced aircraft 

technologies made possible in large part by Electrified Aircraft Propulsion (EAP) [4]. Although the SUSAN aircraft 

is the size of a large single-aisle aircraft, it is categorized as a regional jet since its range is comparable to current 

regional jets. The current design features a traditional tube and wing design with a single aft turbofan that produces 

35% of the total aircraft thrust. Additional mechanical shaft power is also harnessed from the turbofan and converted 

to electric power via an array of generators to drive wing-mounted electric propulsors that produce the remaining 65% 

of aircraft thrust. Supplemental power from rechargeable batteries allows for optimization of the performance and 

sizing of the turbofan. Power from a single-use battery is available in the event of a power loss from the engine to 

power the propulsion system and would allow for safe landing of the aircraft. The design flight profile for SUSAN is 

typical for regional jets, with a design range of 2,500 nmi, an economic range of 750 nmi, at Mach 0.775, and an initial 

cruise altitude of 35,000 ft [5]. 

 The following sections describe the key performance parameter (KPP) approach to sizing a TMS at varying levels 

of technology. Definitions and data sources for the KPP values are detailed. Then the SUSAN TMS design is 

described, followed by a sizing study and analytical modeling. Concurrent publications utilize this same methodology 

for a preliminary TMS sizing of the SUSAN aircraft and a sizing of large hybrid-electric turboprop. 

III. Key Performance Parameters 

A primary objective of the design and sizing of the SUSAN TMS was to quantify the impact of a realistically sized 

and redundant TMS architecture on the overall airplane performance. The impacts include the weight, power draw, 

and drag that the TMS contributes to the system. Another objective was to quantify these impacts at three different 

levels of TMS component performance corresponding to different ranges of technology development. Evaluation at 

these three levels illustrates the change in TMS impact as technology progresses from the current state of the art to 

future levels. To this end, a set of key performance parameters (KPPs) was developed to define the thermal 

performance, fluid performance, power consumption, and weight of each component in the SUSAN TMS. The KPPs 

relevant to each type of TMS component is discussed in the following sections. This KPP approach was also taken for 

the SUSAN Electrical Power System (EPS) components and is detailed in prior publications [5,6]. 

The levels are based on NASA’s Technology Readiness Level (TRL) scale and are summarized in Table 1. To 

assign values to each KPP at each TRL range, data from several sources were compiled to provide a broad assessment 

of current and future TMS component performance. When compiling this data, focus was given to component designs 

that are specific to aeronautical applications. In some cases, data was not available in the given TRL range for 

aeronautical applications, so other sources were considered from similar automotive or space applications. For 

example, at present there is little public data available on TRL 5+ liquid-cooled battery designs for aviation, so the 

KPP values are based on data for liquid-cooled automotive batteries for electric and hybrid-electric cars. Additionally, 

focus is given to full component designs, rather than subcomponents or parts. For example, KPP values for liquid-

cooled converters are based on converter designs, rather than individual transistor or transistor module cooling 

solutions. 

 For the TRL 5+ KPP level, representing the state of the art, sources include commercial off-the-shelf (COTS) 

product datasheets, specifications, and manuals; published and NASA-internal test data for COTS products; and other 

published data and analysis of TRL 5+ technologies from journal articles, conference papers, whitepapers, etc. For 

the TRL 3-4 KPP level, which represents current research, sources include test data and analysis from NASA internal 

technology development; test data and analysis from NASA-funded technology development, including multiple 

Small Business Innovation Research (SBIR) programs and projects funded under the Aeronautics Research Mission 

Directorate (ARMD); and other published data and analysis of TRL 3-4 technologies. For the TRL 1-2 KPP level, 

values are projections of future technology development based on the other two KPP levels. 
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Table 1 Key Performance Parameter Levels 

KPP Level KPP Level Description Sources for KPP Values 

TRL 5+ State of the art • Commercial product datasheets 

• Commercial product test data 

• Other published test data or analysis of TRL 5+ technologies 

TRL 3-4 Current research • Testing and analysis from NASA internal technology development 

• Testing and analysis from NASA-funded technology development 

• Other published test data or analysis of TRL 3-4 technologies 

TRL 1-2 Future projections • Projections based on higher TRL level data and analysis 

• Published analysis of TRL 1-2 technologies 

 

Since the SUSAN TMS utilizes single-phase liquid cooling, the KPPs presented here are specific to single-phase 

liquid cooling solutions. However, a similar approach can be taken for air-cooled, two-phase, or other solutions. KPPs 

are defined and values are assigned within the following categories: heat acquisition, heat transport, and heat rejection. 

Heat acquisition KPPs characterize the thermal and fluid performance of cooling of motors/generators, converters, 

battery modules, and circuit interrupters. Heat transport KPPs characterize the power draw and weight of fluid pumps 

and heat pumps. Heat rejection KPPs characterize the thermal and fluid performance and weight of ram-air heat 

exchangers. These KPPs are defined so that they represent the minimum number of parameters needed to characterize 

the weight, power draw, and drag of the TMS. They are also defined so that they can be directly utilized for high-level 

thermal/fluid modeling and analysis. It is possible that multiple KPPs could be combined to provide a single coefficient 

of performance (COP) that represents, for example, a combined thermal/fluid performance. This is a useful metric for 

comparing overall performance among different designs. However, it is not convenient as a direct modeling input 

where values such as conductance and pressure drop are needed separately. The definition of each of these KPPs and 

the selection of their values are described as follows. 

A. Heat Acquisition 

For the SUSAN aircraft, heat acquisition is concerned with how heat is collected from the heat producing 

components which include the motors/generators, converters, battery modules, and circuit interrupters. The heat load 

and the weight of the overall component is characterized by the efficiency and specific power KPPs, which are 

described in a prior publication [6]. As previously stated, this study only focuses on single-phase liquid cooling. Both 

indirect and direct liquid cooling are considered. In this context, indirect cooling generally refers to cold plate 

technologies, and direct cooling refers to immersion cooling. 

The thermal performance KPP should describe how effective a given cooling solution is at removing heat relative 

to the maximum possible heat that can be removed by the coolant. From the energy equation 

 𝑄 = 𝑚̇𝑐𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) (1) 

where Q is the heat load from the component, ṁ is the coolant mass flow rate, cp is the isobaric specific heat of the 

coolant, Tout is the outlet coolant temperature, and Tin is the inlet coolant temperature. The maximum possible rejection 

occurs when the coolant outlet temperature is equal to the component hotspot temperature: 

 𝑄𝑚𝑎𝑥 = 𝑚̇𝑐𝑝(𝑇ℎ𝑜𝑡𝑠𝑝𝑜𝑡 − 𝑇𝑖𝑛) (2) 

Analogous with the definition of heat exchanger effectiveness [7], a cooling effectiveness is used for the thermal 

performance KPP and is defined as 

 𝜀𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =
𝑄

𝑄𝑚𝑎𝑥
=

𝑄

𝑚̇𝑐𝑝(𝑇ℎ𝑜𝑡𝑠𝑝𝑜𝑡−𝑇𝑖𝑛)
=

𝑇𝑜𝑢𝑡−𝑇𝑖𝑛

𝑇ℎ𝑜𝑡𝑠𝑝𝑜𝑡−𝑇𝑖𝑛
 (3) 

In steady-state conditions, εcooling will always be between 0 and 1. This can also be written in terms of a thermal 

conductance G between the hotspot of the component and the fluid: 
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 𝜀𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =
𝑄

𝑚̇𝑐𝑝(𝑇ℎ𝑜𝑡𝑠𝑝𝑜𝑡−𝑇𝑖𝑛)
=

(
𝑄

∆𝑇
)

𝑚̇𝑐𝑝
=

𝐺

𝑚̇𝑐𝑝
 (4) 

In this interpretation, the thermal conductance has been normalized by the coolant flow rate. This removes sensitivity 

to the power level of the component and allows for a fair comparison between designs, assuming that the coolant flow 

rate must increase linearly with the heat load to produce the same temperature change when scaling up a given design. 

This is the case when power is scaled up and heat fluxes remain the same, such as when adding more parallel slot 

cooling passages for a larger stator running the same current. However, this may not be the case when power is scaled 

up and heat fluxes also increase, such as when increasing flow through cooling passages for the same sized stator 

running a higher current. In this situation, the relationship between the heat dissipation and the coolant flow rate may 

not be linear and is described by the heat transfer coefficient or Nusselt number. However, these relationships can 

often be approximated as linear if the design is not scaled too far from the original operating point. 

 The fluid performance KPP should also scale with the component power level. The natural parameter is the ratio 

of heat load to pumping power: 

 
𝑄

𝑃
=

𝑄

∆𝑝𝑉̇
 (5) 

where P is the pumping power, Δp is the coolant pressure drop across the component, and V̇ is the coolant volumetric 

flow rate. 

 εcooling and Q/P were both calculated for all the designs in the compiled dataset. Since these two KPPs are often 

competing factors, it is useful to plot both values to assess the level of performance for all designs across the three 

TRL ranges. In the following sections, plots are presented with regions spanning a range of KPP values. Each region 

encompasses the KPPs calculated for the designs in each TRL range. The optimal selection of KPP values for a 

particular TMS design will depend on the architecture and mission profile, but the highest performing designs lie 

toward the upper right of these regions. The KPP values chosen for the SUSAN TMS design and analysis are indicated 

by a star (★) in each plot. 

The KPP plots for motors/generators, converters, and battery modules are shown in Figs. 1 through 3. The sources 

of data are summarized in Tables 2 through 4. For motors/generators and converters, the KPPs are based on continuous 

power operation. For battery modules, some data is based on steady-state operation, but most sources are concerned 

with thermal performance during transient charging/discharging. For such cases, the KPPs are calculated using Eq. 

(4) with Thotspot taken at peak values, typically at the end of the transient, and Q approximated as an average heat load 

over the whole transient using the value at 50% state of charge. 
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Fig. 1 Electric motor and generator KPPs 

 

 

Fig. 2 Converter KPPs 
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Fig. 3 Battery module KPPs 

 

Table 2 Electric Motor and Generator Cooling Designs 

Description Cooling 

Method 

Coolant Source 

Cooling channels embedded in 

winding supports 

Indirect Water/Glycol [8] 

Water jacket cooling for motor and 

inverter 

Indirect Water [9]  

Cooling channels embedded in 

stator core 

Indirect Water/Glycol [10] 

Water cooled casing with heat 

extraction fins 

Indirect Water/Glycol [11] 

Various designs Indirect Water/Glycol Datasheets and test data of 17 

different commercial aerospace 

and automotive motors 

Various designs Indirect Various NASA funded and internal 

projects 

Immersion-cooled stator windings Direct PAO [12] 

Coolant conduits embedded in 

windings 

Direct PAO 

Water 

[13] 

Immersion-cooled stator windings Direct Water/Glycol [14] 
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Table 3 Converter Cooling Designs 

Description Cooling 

Method 

Coolant Source 

Traditional cold plate Indirect Water/Glycol [15] 

Traditional cold plate and heat 

spreader 

Indirect Water/Glycol [16] 

Jet impingement on finned baseplate Indirect Water/Glycol [17] 

Liquid metal cold plate Indirect Gallium alloy [18,19] 

Dual-sided cooling with additively 

manufactured cold plate 

Indirect Water [20] 

Integrated liquid-cooled baseplate Indirect Water [21] 

Dual side cooling Indirect Water [22] 

Baseplate cooling 

Jet impingement on finned baseplate 

Indirect 

Direct 

Water/Glycol 

Oil, PAO 

[23,24] 

Various designs Indirect Water/Glycol Datasheets and test data of 6 

different commercial automotive 

converters 

Various designs Indirect Various NASA funded and internal 

projects 

Immersion cooling Direct Oil [25] 

 

 

Table 4 Battery Module Cooling Designs 

Description Form Factor Cooling 

Method 

Coolant Source 

Cooling channel structures inserted 

into gaps between cells 

Cylindrical Indirect Water [26] 

Distributed water-cooling jackets  Cylindrical Indirect Water [27] 

Mini-channel cooling structure Cylindrical Indirect Water [28] 

Serpentine cooling passages between 

cells 

Cylindrical Indirect Water [29] 

Various designs Cylindrical 

Prismatic 

Indirect Various NASA funded and internal 

projects 

Microchannel cold plates between 

cells 

Prismatic Indirect Water [30] 

Traditional cold plate 

Immersion cooling 

Cylindrical Indirect 

Direct 

Water/Glycol 

Hydrofluoroether 

[31] 

Immersion cooling with fin structures Cylindrical Direct Oil [32] 

Immersion cooling Cylindrical Direct Mineral oil [33] 

Immersion cooling Prismatic Direct Mineral oil [34] 

Immersion cooling Prismatic Direct Hydrofluoroether [35] 

Manifold channel immersion cooling Prismatic Direct Deionized water [36] 

Immersion cooling with graphic fins Prismatic Direct Hydrofluoroether [37] 

Immersion cooling Prismatic Direct Silicone oil [38] 

B. Heat Transport 

1. Pumps 

Since the SUSAN TMS primarily uses single-phase liquid cooling, pumps are one of the primary power consumers 

and mass contributors. The pump KPPs are therefore defined as efficiency and specific power. Data was collected 

from product datasheets for 26 pumps from 9 different vendors specific to aeronautic, aerospace, and automotive 

applications. These included coolant, oil, refrigerant, water, and fuel pumps. Only electrically-driven non-submersible 

pumps were considered. For the efficiency KPP, the end-to-end efficiency was calculated including motor and motor 

controller (if applicable) losses. From this dataset, the best performing pumps had efficiencies around 0.50. This is 

chosen as the TRL 5+ KPP, with projections of 0.55 for TRL 3-4 and 0.60 for TRL 1-2. 

Specific power is defined as the rated output power divided by the total mass of the pump package, including drive 

motor, motor controller, accumulator, and valves if applicable. For this calculation, specific power was scaled by the 
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number of pumps for packages that contain a redundant pump. The data spanned a wide range and are correlated with 

the output power of the pump. Figure 4 plots the specific power as a function of output power and shows that the data 

can be correlated by a power law of 11.8 P0.3448 where P is the output power. To characterize the best performing 

pumps, and project to future technology developments, this power law is scaled up by increasing the coefficient. The 

TRL 5+ line in Fig. 4 was scaled up to 15 P0.3448 to approximately fit the higher specific powers. Similarly, the power 

law coefficient for TRL 3-4 and TRL 1-2 was increased to 17 and 19 respectively. 

 

 

Fig. 4 Pump specific power KPP as a function of output power 

2. Heat Pumps 

Heat pumps are utilized in the baseline SUSAN TMS, primarily for battery module cooling on hot days on the 

ground where outside air temperatures are near or exceed battery temperature limits. While any type of heat pump 

technology is considered, the complied TRL 5+ data only include vapor compression cycles. Currently, airborne vapor 

cycle machines are mostly used for environmental control on regional aircraft, helicopters, and military aircraft. They 

are also used for galley cooling on at least two wide-body aircraft [39]. Larger vapor cycle machines for avionics and 

hardware cooling are primarily found on military aircraft [40]. Therefore, TRL 5+ data is somewhat limited and was 

sourced from 9 product specifications from 5 different suppliers. 

A similar approach to fluid pumps was taken in characterizing the weight KPP. Here it is defined as specific 

cooling, which is the cooling capacity divided by the total mass of the heat pump. Figure 5 plots the specific cooling 

as a function of cooling capacity with a power law fit of 0.522 P0.6216. The highest specific cooling designs are 

approximately fit with a coefficient of 0.7 and represent the TRL 5+ KPP. The power law coefficient for TRL 3-4 and 

TRL 1-2 are 0.8 and 0.9 respectively. 

For the power consumption KPP, coefficient of performance (COP) was chosen, defined as the ratio of the cooling 

capacity of the heat pump to the power input. Public COP data for state-of-the-art airborne heat pumps is also scarce, 

but COPs in the range of 1 to 2 were reported for one military aircraft [41]. COPs for lower TRL heat pumps exceed 

9 for vapor cycle and other refrigeration technologies [42–46]. For this study, values of 2.0, 4.0, and 6.0 were chosen 

for the TRL 5+, TRL 3-4, and TRL 1-2 KPPs respectively. 
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Fig. 5 Heat pump specific cooling as a function of cooling capacity 

C. Heat Rejection 

Primarily, liquid/air heat exchangers are utilized for heat rejection since ambient air is the primary heat sink for 

the SUSAN TMS. Heat exchanger effectiveness is chosen as the thermal KPP, which is defined by Eq. 3 

 𝜀𝐻𝑋 =
𝑇1,𝑜𝑢𝑡−𝑇1,𝑖𝑛

𝑇2,𝑖𝑛−𝑇1.𝑖𝑛
 (6) 

where the subscript 1 refers to the fluid with the smaller heat capacity rate (typically air) and 2 refers to the fluid with 

the larger heat capacity rate (typically coolant). Similar to the heat acquisition KPPs, the ratio of heat load to pumping 

power and heat load to drag power are used for the fluid KPPs. Drag power is defined as the product of the air-side 

volumetric flow rate and the air-side pressure drop across the heat exchanger core. Similar to heat pumps, specific 

rejection, the ratio of heat rejected to heat exchanger mass, is chosen for the weight KPP. 

TRL 5+ data was collected across multiple operating points for 18 different heat exchangers from several different 

manufacturers. All heat exchangers were of the plate-fin type and were designed for aeronautical applications. 

Coolants included oil, water, and glycol/water mixtures. Lower TRL data was also collected for additively 

manufactured and triply periodic minimal surface (TPMS) heat exchangers [47–49], however complete data was 

limited as many such studies do not report mass or liquid side pressure drop. 

Since the weight, fluid, and thermal performance of a heat exchanger are interconnected and impact each other, 

the four KPPs are plotted in Fig. 6. The fluid performance for the air side and the liquid side are indicated by the 

horizontal and vertical axes respectively. The shaded region encompasses the range of fluid KPP values spanned by 

the dataset. The best performing designs in terms of these two KPPs lie toward the upper right of the graph. 

The weight KPP is represented on the graph by lines of constant specific heat rejection. These indicate the 

approximate weight KPP values based on the data for the highest specific rejection designs at a given coordinate of 

the two fluid KPPs. Overall, the best performing designs in terms of the weight KPP lie toward the lower left of the 

graph. This reveals the general trend that lower pressure drop and lower drag heat exchangers will tend to be heavier, 

and vice versa. The thermal KPP is represented on the graph by lines of constant effectiveness, using the same 

approach as the weight KPP. This data indicates that effectiveness is less correlated with specific rejection and heat 

load per pumping power, and more correlated with heat load per drag. 
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Fig. 6 Heat exchanger KPPs for TRL 5+ 

As with the heat acquisition KPPs, the ideal set of heat exchanger KPPs will depend on the TMS architecture, 

mission profile, etc. At the TRL 5+ level, that point may lie anywhere in the shaded region of Fig. 6. For the SUSAN 

thermal analysis, the selected TRL 5+ KPPs are indicated by a star (★). Values are summarized in Table 5. Recent 

studies suggest that additively manufactured heat exchangers can improve thermal performance at the cost of air-side 

pressure drop and mass [48,50]. Therefore, for the TRL 3-4 KPPs, effectiveness and heat load per pumping power are 

increased while specific rejection and heat load per drag power remain at the TRL 5+ levels. For future technology 

development, it is projected that advancements will lead to mass savings compared to the state of the art [51,52], so 

all values are increased for the TRL 1-2 KPPs. 

D. Key Performance Parameter Summary 

A summary of all the KPPs and their selected values for the SUSAN TMS sizing and analysis is provided in Table 

5. With this set of parameters, high-level TMS performance can be modeled and weight, power draw, and drag impacts 

can be quantified. These values may also inform performance goals for component-level technology development for 

SUSAN and other electrified aircraft thermal management systems. 
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Table 5 Thermal Management System Key Performance Parameters 

  

TRL 

5+ 

TRL 

3-4 

TRL 

1-2 Unit 

TRL 

5+ 

TRL 

3-4 

TRL 

1-2 Unit 

TRL 

5+ 

TRL 

3-4 

TRL 

1-2 Unit 

TRL 

5+ 

TRL 

3-4 

TRL 

1-2 Unit 

  Cooling Effectiveness Heat Load/Pumping Power          

Heat Acquisition                    

Motors/Generators 0.20 0.27 0.32 - 2.5E2 5.0E2 1.0E3 -          

Converters 0.12 0.26 0.33 - 2.5E3 1.0E5 4.0E5 -          

Batteries 0.70 1.80 2.10 - 1.0E5 1.0E6 2.0E6 -          

Circuit Interrupters 0.12 0.26 0.33 - 2.5E3 1.0E5 4.0E5 -          

  Efficiency | COP Specific Power | Rejection          

Heat Transport                     

Pump 0.50 0.55 0.60 - 15P0.3448 17P0.3448 19P0.3448 W/kg           

Refrigeration 2.0 4.0 6.0 -  0.7P0.6216 0.8P0.6216 0.9P0.6216 W/kg          

  Effectiveness Heat Load/Pumping Power Heat Load/Drag Power Specific Heat Rejection 

Heat Rejection                     

Ram Air HX 0.50 0.60 0.70 - 2500 3000 3500 - 33 33 46 - 5.0E3 5.0E3 7.0E3 W/kg 

IV. SUSAN TMS Design 

The SUSAN TMS primarily utilizes single-phase liquid cooling, rejecting to the outside air using a combination 

of ram-air and skin (or outer-mold-line) heat exchangers. On hot days, additional heat rejection is provided by a heat 

pump during taxi, takeoff, and climb. The TMS layout is shown in Fig. 7. Heat acquisition is through direct immersion 

cooling, wherein the coolant makes direct contact with current carrying devices, such as motor windings, power 

electronics, circuit boards, and bus bars. This method of cooling provides sufficient heat transfer to handle the large 

heat fluxes generated by the high power density components and requires a dielectric coolant. For the purposes of the 

fluids and thermal analyses in this paper, the coolant is assumed to have the thermophysical properties of a 

polyalphaolefin (PAO) from MIL-PRF-87252E [53]. 

A unique feature of the TMS is that a significant portion of the heat transport is done via liquid-cooled electrical 

lines, both AC and DC. This integration of the electrical and thermal distribution systems is predicted to be a net 

weight savings [54,55]. The benefits are greater for longer lengths of lines, therefore this technology is only employed 

for the AC lines running from the tail of the aircraft to the wings, and within the DC busses. Lines that are predicted 

to be shorter, such as between motors/generators and their respective converters, are not liquid cooled. Implementation 

of this design creates an even tighter coupling of an already highly integrated thermal and electrical system that is 

typical for EAP. The electrical components must be placed on the fluid loops in roughly the same relative positions 

as they are on the AC and DC circuits. For example, the coolant loop that primarily services the electric engine 

components (MGC, EEM, EEMC, batteries, and DCDC) is configured with four parallel branches since these 

components are also in parallel on the DC bus. In Fig. 7 the liquid-cooled electrical lines are represented by hollow 

arrows, while fluid-only lines are represented by solid arrows. 

Another advantage of this approach is that the redundancy and fault tolerance of the distributed electric propulsion 

is maintained in the TMS. For example, a failure in a single wing coolant loop will not impact thermal management 

of components on the other wing or tail coolant loops. This redundancy in the TMS is an important factor to consider 

in the weight, power draw, and drag of a realistic hybrid-electric aircraft. This one loop per propulsor design aligns 

with typical oil cooling systems for fuel-burning aircraft engines, where each engine on an aircraft has its own coolant 

loop, pump, and heat exchanger. Such systems often use two pumps per engine; the SUSAN TMS only uses one pump 

per loop since the system is already highly redundant. Redundancy is indicated in Fig. 7 where each shaded box is a 

repeated unit. There are a total of 21 loops: 16 that primarily service the wing electric engines (plus the AC lines, 

breakers, and four turbine control converters), 4 that service each motor/generator in the tail, and 1 that services the 

turbine control motor/generator in the tail. The 16 wing loops also interface with the heat pumps via additional pumped 

fluid loops. 
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Fig. 7 SUSAN TMS diagram 

As was mentioned previously, heat pumps are primarily needed for battery module cooling on hot days on the 

ground where outside air temperatures are near or exceed battery temperature limits. The batteries will likely be 

located in unpressurized compartments in the wings or fuselage where conditioned air is not available. Typical battery 

temperature limits range from 40 °C to 60 °C, while outside air temperatures can be up to 49 °C, for example, on a 

1% Hot Day at sea level [56]. Additionally, many current aircraft are certified to take off in outside air temperatures 

ranging from 50 °C to 60 °C [57]. Other solutions may be considered in future trade studies, such as pre-cooling the 

batteries, adding additional heat sinks like phase change materials, or using evaporative coolers. However, these 

solutions are dependent on the available thermal mass and would need to be sized based on the time duration between 

disconnection from ground cooling and arrival at an altitude where the outside air is cooler. According to the FAA’s 

Aviation System Performance Metrics database, for over 10 million US flights recorded in 2023, the average taxi out 

time was about 17 minutes and the average taxi in time was about 8 minutes. In 2.6% of those flights the taxi out time 

was greater than 40 minutes, and in 0.56% of those flights (over 60,000 flights) the taxi out time was greater than an 

hour. A heat pump is expected to trade better on mass for longer duration cooling requirements. 

For heat rejection, each coolant loop rejects to one or more liquid-air heat exchangers. The wing loops utilize a 

ducted ram-air heat exchanger, notionally located local to each electric engine on the wing. Additionally, OML heat 

exchangers are positioned in the fan duct, downstream of the fan, which provide some heat rejection during taxiing 

when the fans are running. The 5 tail loops reject to non-OML heat exchangers that are located in the bypass duct of 

the aft turbine engine. These also provide some heat rejection during taxiing. The heat pumps are assumed to reject to 

ram-air heat exchangers located within the existing ducting used for the environmental control system (ECS) heat 

exchangers. The ECS ducting also has existing puller fans to facilitate heat rejection during taxiing and other ground 

operations. For this paper, any additional power draw from the puller fans or drag from the heat pump heat exchangers 

are neglected. Future studies may further refine these impacts. 
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V. SUSAN TMS Sizing and Mission Analysis 

A. Inputs 

To complete a sizing and analysis of the SUSAN TMS, several inputs are needed. The KPP definitions for the EPS 

and TMS are needed to characterize the performance of those systems and are taken from previous work and the above 

Table 5 [6]. The environmental requirements are needed as boundary conditions for heat rejection. These were defined 

in previous work, and are defined as a 20% frequency of occurrence Cold Day and a 1% frequency of occurrence Hot 

Day as defined by AS210 [56,57]. These frequency of occurrence day types are shown in Fig. 8. The TMS system 

architecture (Fig. 7) is another needed input. The final input is the flight profile, which determines the power 

requirements for the EPS. 

Development of the SUSAN flight profiles has been previously detailed [5,58]. A 35,000 ft design mission is 

shown in Fig. 9 with a 1-hour taxi out, where takeoff begins at t=0. The end of the profile includes a landing abort and 

diversion using reserve fuel. The power requirements derived from the flight profile are combined with the EPS 

efficiency KPPs to generate the component heat loads. 

 

 

Fig. 8 Frequency of occurrence 1%, 5%, 10%, 20% and record temperatures for hot and cold days 
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Fig. 9 SUSAN 35 kft design mission 

The component heat loads used in this study were determined using a MATLAB/Simulink model of the full-scale 

SUSAN Power/Propulsion System [59]. The propulsion system model incorporates a zero-dimensional non-linear 

aero-thermal model of the aft-mounted turbofan engine and the 16 underwing electric engines built using the Toolbox 

for the Modeling and Analysis of Thermodynamic Systems (T-MATS) [60]. The electrical power system is modeled 

using the PowerFlow blockset of the Electrical Modeling and Thermal Analysis Toolbox (EMTAT) [61] and includes 

electric machines (motor/generators) for each of the 16 electric engines and the aft turbofan engine, inverter/converter 

controllers for each electric machine, and the secondary battery and DCDC converter for each electric engine. The 

PowerFlow blockset models each component using an efficiency map based on the component’s operating condition 

(current/voltage or torque/speed) to determine the power losses. To determine the heat loads for each component, the 

Power/Propulsion System model was run through simulated flight profiles drawn from the SUSAN trade studies. The 

power lost through each component is assumed to be entirely converted to heat that must be removed from the system. 

The resulting total heat loads are shown in Fig. 10 for each KPP level. Peak loads occur at takeoff and go-around 

(0.7 MW for TRL 1-2, 1.3 MW for TRL 3-4, 3.2 MW for TRL 5+). Since these coincide with the lowest altitudes and 

highest outside air temperatures, they are the sizing point for the heat exchangers and pumps. Since the heat pump is 

primarily needed during ground operations, its sizing point based on the loads during taxi (0.14 MW for TRL 1-2, 

0.27 MW for TRL 3-4, 0.63 MW for TRL 5+). A breakdown of the loads by component for a single electric engine 

coolant loop is shown in Figs. 11-13 for each KPP level. Due to their length, the AC cables make up the largest fraction 

of the total heat load.  
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Fig. 10 Total heat load for all components at each EPS KPP level 

 

Fig. 11 Component heat loads for a single electric engine coolant loop, TRL 1-2 KPP level 
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Fig. 12 Component heat loads for a single electric engine coolant loop, TRL 3-4 KPP level 

 

Fig. 13 Component heat loads for a single electric engine coolant loop, TRL 5+ KPP level 

B. SUSAN TMS Sizing 

Having defined the above inputs, the TMS can be sized and the mass, power draw, and drag can be calculated for 

the sizing point. As mentioned above, the sizing point is the peak load during takeoff. The required flow rates for each 

component are calculated from the KPPs, heat loads, and desired inlet and component temperatures. A 25% margin is 

applied to all heat loads based on guidelines from standards and best practices [57] and since these heat loads are one 

of the larger sources of uncertainty. The desired battery module inlet temperature is chosen to be 40 °C. The desired 

inlet temperature for all other components is chosen to be 70 °C based on the expected achievable outlet temperature 
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for the heat exchangers. For a sea level takeoff on a 1% Hot Day, the outside air temperature is 49 °C. At takeoff 

speeds the static air temperature directly upstream of the heat exchangers can be as high as 59 °C, assuming stagnation. 

Therefore, 70 °C is chosen as an achievable coolant outlet temperature for the heat exchangers. The OML heat 

exchanger in the electric engine fan duct is neglected for simplicity. The desired component temperatures are chosen 

to be the maximum temperature limit of each component. For this sizing, the limits across all KPP levels are 200 °C 

for motors/generators, 175 °C for converters and circuit interrupters, and 60 °C for battery modules. These limits could 

be considered to be an additional KPP or a parameter for future trade studies. 

During the sizing procedure, it was found in some cases that the calculated flow rates for the electric engine coolant 

loop components were not high enough to produce the desired heat exchanger outlet temperature of 70 °C. Therefore, 

flow rates were increased by lowering the desired converter temperatures until the heat exchanger outlet reached 70 

°C. Converters were specifically chosen since each parallel branch of the electric engine loops services a converter, 

so the flow rate of each branch is affected by the required converter flow rate. The desired converter temperature for 

each KPP level was found to be 125 °C for TRL 1-2, 110 °C for TRL 3-4, and 120 °C for TRL 5+. 

After the flow rates are calculated, pressure drops through all components and heat exchangers are subsequently 

determined. Using the KPPs, the pump input power and mass can be calculated. Heat exchanger mass and drag are 

also calculated from the heat loads and KPPs, while heat pump mass and input power are calculated from the taxi heat 

loads and KPPs. The culmination of these calculations is the total mass, power consumption, and drag at takeoff values 

recorded in Table 6 for each KPP level. 

From the table, it is seen that the total mass is roughly halved moving from a lower performing KPP level to the 

next highest (e.g. from TRL 5+ to TRL 3-4). This is due to a combination factors, namely the decrease in heat loads 

with higher efficiencies and the increase in TMS component specific rejection and specific power as the level of 

technology improves beyond the state of the art. A mass breakdown of the TMS by component is shown in Fig. 14. 

Heat exchanger mass makes up the largest fraction of the total TMS mass for the TRL 3-4 and TRL 5+ KPP levels; 

however, at the TRL 1-2 level, heat pumps comprise the majority of the TMS mass. Because the fan duct OML heat 

exchangers were neglected in this sizing study and will also provide heat rejection during taxiing, the calculated heat 

pump mass is expected to be slightly overestimated. 

One fact remains true for all KPP levels: power consumption at takeoff is nearly entirely due to the heat pumps 

operating on a 1% Hot Day. On days with cool enough outside air temperatures on the ground, the heat pumps would 

not need to be activated for taxiing. Additionally, after ascending to altitudes where the outside air is cooler, the heat 

pumps can be deactivated and the TMS power consumption reduces to the draw from the fluid pumps. 

Similar to the trends observed with mass and power, the total drag of the system is also reduced by a factor of 2 to 

3 when moving across KPP levels. It is worth noting again that the drag KPP was based on core drag only. Additional 

drag due to inlets and ducting are not considered. Thrust due to the ramjet or Meredith effect is also not included and 

may significantly offset the core drag [62–65]. 

 

Table 6 SUSAN TMS mass, power, and drag from sizing study 

 

Mass, kg 

Heat pump power 

consumption 

at takeoff, kW 

Fluid pump power 

consumption 

at takeoff, kW 

Drag power 

at takeoff, kW 

TRL 1-2 264 23 1 16 

TRL 3-4 528 68 4 43 

TRL 5+ 1273 315 19 129 
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Fig. 14 SUSAN TMS mass breakdown from sizing study 

C. SUSAN TMS Modeling Setup 

An analytical model of the SUSAN TMS was developed to study the transient performance over the course of an 

entire flight profile. This model also serves as a refinement of the sizing study presented in the previous section, 

providing a higher fidelity representation of the OML heat exchangers, the thermal mass of components, and the 

thermal and fluid performance of the piping system including the liquid-cooled electrical lines. This model was 

developed in Thermal Desktop 6.1 as a 1-dimensional thermal/fluid network and is shown in Fig. 15 following a 

similar layout as Fig. 7. For simplicity, only one type of each coolant loop is modeled: a wing loop with turbine control 

converter (TCC), a wing loop without TCC, a tail loop servicing the low-pressure spool motor/generator, and a tail 

loop servicing the high-pressure spool motor/generator. 

KPPs from Table 5 are converted into conductances and loss coefficients (K factors) for all components. Pipe 

losses are calculated using a Darcy friction factor and estimates of the pipe lengths. Heat loads for the liquid-cooled 

electrical lines are applied uniformly along the length of the line. As previously mentioned, the AC lines make up a 

large portion of the total heat load; their length is estimated as 15 m, as they must run from the tail of the plane out to 

the wings. Component heat loads are modeled without the 25% margin for sizing. Pump flow rates are fixed based on 

the flow rates calculated from the sizing study. 

The freestream air boundary conditions of temperature, pressure, and density defined from the frequency of 

occurrence day types. The air properties at the face of the ram-air heat exchangers are assumed to be at stagnation. 

Air properties at the OML heat exchangers in the electric engine fan ducts, as well as the tail heat exchangers in the 

turbofan bypass duct, are calculated from the freestream properties, duct geometry, and Mach number outputs from 

the T-MATS model that was used to generate the heat loads. 

Thermal mass (capacitance) is calculated for the motors/generators and battery modules. First, the mass is 

calculated based on the EPS KPP of specific power. For motors/generators, this total mass is then scaled to 14% and 

assigned the properties of copper to approximate of the fraction of copper in a motor, as windings are a primary heat 

source. Similarly, the battery module mass is calculated and scaled to 79% to approximate the fraction of battery cell 

mass in a module. The battery module specific heat is 959 J/kg/K and density is 2293 kg/m3. Converters and circuit 

breakers are assumed to have zero capacitance since power electronic devices respond very quickly to changes in heat 

load. 

Initial conditions are steady-state operation during taxiing. As shown in Fig. 9, the airplane is stationary (M=0) 

and is therefore reliant on the heat pump and fan duct and bypass duct heat exchangers for cooling. Heat pump 

performance is not explicitly modeled, but the required cooling capacity to maintain the battery module inlet 

temperature at 40 °C is calculated. 
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Fig. 15 SUSAN TMS Thermal Desktop model 

D. SUSAN TMS Modeling Results 

 

1. Taxi Results 

Component temperatures during steady-state taxi are summarized in Table 7. For many of the electric engine 

components, the TRL 5+ TMS temperatures are somewhat lower than those in the other KPP levels. This is because 

a larger proportion of the total coolant flow is directed to the battery and DCDC converter branch based on the sizing 

study. Since the heat pump is also on this branch, the overall coolant loop temperatures are lower, but the required 

heat pump cooling capacity is significantly higher. This is reflected in Fig. 16 which shows the total heat rejection 

during taxi for each KPP level broken down into rejection to the OML heat exchangers and rejection via the heat 

pumps. The TRL 5+ TMS rejects around 550 kW of heat, with only 1% of that heat being rejected through the OML 

heat exchangers. The lower TRL TMSs, on the other hand, have less total heat to reject, and a larger fraction of that 

heat is rejected through the OML heat exchangers. Consequently, the heat pumps are much smaller for these KPP 

levels. The resulting total heat pump mass for each KPP level is 126 kg for TRL 1-2, 192 kg for TRL 3-4, and 327 kg 

for TRL 5+. These masses are lower than what was calculated for the sizing study in Fig. 14, since the heat rejection 

through the OML heat exchangers is accounted for in the thermal model. Similarly, the required heat pump input 

powers are lower than predicted by the sizing study: 14 kW for TRL 1-2, 48 kW for TRL 3-4, and 275 kW for TRL 

5+. 
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Table 7 Component temperatures during steady state taxi 

  KPP level 
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Battery 40.3 40.4 40.4 

DCDC 40.3 40.6 40.4 
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MGC 91.4 96.1 60.2 

EEM 94.6 96.4 55.5 

EEMC 92.1 96.1 59.6 

Battery 40.3 40.2 40.4 

DCDC 40.3 40.3 40.4 

LPSMG 103.8 103.8 105.5 

HPSMG 77.9 77.9 77.9 

 

 

Fig. 16 Heat rejection during steady state taxi 

2. In-Flight Results 

 Component temperatures as a function of time for the flight profiles are plotted in Fig. 17. Generally, the 

components are hottest at takeoff and go-around, and are coolest during descent prior to go-around. Temperatures are 

maintained within component limits for all KPP levels throughout the whole flight. During cruise, components on the 

electric engine loops (MGC, EEM, EEMC, and batteries) stay within 20 °C to 60 °C. This analysis assumes that pump 

flow rates are constant throughout the whole flight. Feedback control of pump flow rates could be utilized during 

cruise to achieve lower component temperatures. Conversely, the pump speed could be decreased during cruise to 

reduce power consumption as there is significant margin to component temperature limits. 

 To quantify the impact of the OML heat exchangers, heat rejection throughout the flight is plotted in Fig. 18 for a 

single electric engine coolant loop at the TRL 3-4 KPP level. As previously seen in Fig. 16, the OML heat exchanger 

makes up a non-negligible fraction of the total heat rejection during taxi, which reduces the cooling capacity required 

of the heat pumps. However, during the rest of the flight when the ram-air cooling is available, the OML rejection is 

minimal. The figure also illustrates that the heat pump provides some rejection during takeoff and go-around, as well 

as during descent. In this analysis, the heat pump is enabled when the coolant temperatures upstream of the battery 

rise above 40 °C. A more sophisticated control scheme may be able to reduce the duration of heat pump activation 

and thereby its power consumption. 
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Fig. 17 Component temperatures as a function of time for all KPP levels 
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Fig. 18 Heat rejection as a function of time for TRL 3-4 

Total power consumption over the flight profile is shown in Fig. 19. During taxi, the power consumption for TRL 

1-2 and TRL 3-4 are less than calculated from the sizing study in Table 6. Again, this is because the OML heat 

exchangers are included in the model which lowers the cooling capacity required by the heat pumps. However, the 

TRL 5+ power consumption is much higher than predicted in the sizing study. This is due to the modeling of pressure 

drops in the piping systems, which was not accounted for in the sizing. Due to higher flow rates required by the TRL 

5+ components, the required pump power is high at around 760 kW during cruise. Total drag is also plotted in and 

agrees fairly closely with the predictions from the sizing study. Overall mass, power consumption, and drag predictions 

based on this analysis are summarized in Table 8. 

 

 

Fig. 19 Total TMS power consumption as a function of time 
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Fig. 20 Total drag as a function of time 

 

Table 8 SUSAN TMS mass, power, and drag from thermal/fluid model 

 

Mass, kg 

Power 

consumption 

at takeoff, kW 

Power 

consumption 

at cruise, kW 

Drag power 

at cruise, kW 

TRL 1-2 239 15 1 18 

TRL 3-4 501 55 8 49 

TRL 5+ 1155 959 760 148 

VI. Conclusion 

In this paper a TMS sizing and analysis methodology was described based on KPPs derived from a wide range of 

sources. These KPPs provide a data-driven approach to quantifying the performance of TMS components for 

electrified aircraft at current and future levels of technology development. Using the SUSAN aircraft as a study of a 

realistic highly redundant TMS, the impact of moving across the KPP levels is clear: system mass, power consumption, 

and drag decrease considerably as the level of technology progresses. Advancements beyond the state of the art will 

be necessary for large, electrified aircraft like SUSAN, as the predicted mass and power consumption may not be 

feasible. Future work could include development of additional KPPs to perform trade studies of technologies such as 

phase-change materials, oscillating heat pipes, and two-phase thermal management systems. 
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