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The Numerical Propulsion System Simulation (NPSS) is an advanced engineering 
simulation environment initially developed for use in designing and analyzing aircraft and 
spacecraft engines.  It is also ideally suited for modeling general purpose linked component 
simulations of other aircraft systems.  One such system is the airframe’s Thermal 
Management System (TMS).  The TMS provides aircraft cooling for systems such as 
avionics, etc. and conditioned gas for cockpit environment, fuel tank pressurization and 
other subsystems.  The demands from these subsystems are very diverse and require a 
simulation that can model the complex interactions between the various components.  This 
paper discusses the development of one such TMS simulation constructed in NPSS.  
Although the simulation operates only in design and off-design modes, the heat exchangers 
can be readily replaced by dynamic capable components for transient analysis and higher 
fidelity component models can be integrated for more detailed system analysis.  It can also 
be set up to execute in data reduction mode and be delivered as a ‘black box’ customer 
model.  The goal is to provide a simulation for use in supporting the design and development 
of thermal management systems and controls and to provide integration support for 
airframe and engine simulations 

Nomenclature  
The following parameter names were selected so as to adhere to the NPSS nomenclature standard.  Most, if not all, 
are standard names found in the Element and FlowStation base classes for the components. 
 
BPR  = bypass ratio (ratio of flow in stream 2 over flow in stream 1) 
dPqPbase  = ratio of pressure loss over pressure for components containing a single flow stream 
dPqP1&2  = ratio of pressure loss over pressure for components containing two flow streams (1&2) 
eff  = turbomachinery component efficiency 
effDes  = turbomachinery component design efficiency 
effect  = heat exchanger effectiveness 
gasVol1&2 = volume of gas in heat exchanger stream (1 or 2) in ft3 

Nmech  = mechanical rotor speed 
parmMap  = map parameter for turbomachinery component map 
PR  = pressure ratio 
PRdes  = turbomachinery component design pressure ratio 
Pt  = total pressure of fluid in psia 
pwr  = component shaft power in horsepower
Q  = heat transfer rate in BTU/sec 

                                                           
* President, 16593 121 Terrace N, Jupiter, FL 33478, Member 
† Subcontractor, 16593 121 Terrace N, Jupiter, FL 33478, Member 
‡ Subcontractor, 16593 121 Terrace N, Jupiter, FL 33478, Nonmember 
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trqLoad  = torque load in ft-lbf 
Tt  = total temperature of fluid in oR 
W  = mass flow of fluid in lbm/sec 

I. Introduction 
S the boundary between airframes and propulsion systems continues to blur there is an increasing need for a 
modeling environment that can be used to build simulations of all parts of the aircraft system. The Numerical 

Propulsion System Simulation (NPSS) has the ability to perform this function1.  To demonstrate this capability a 
simulation of an airframe Thermal Management System (TMS) was developed using NPSS as the modeling 
environment.   

A 
The system chosen for the demonstrator model (Ref. Fig 1 & 2) is a regenerative, closed loop, reverse Brayton 

air cycle.  This system is representative of TM systems used in current generation supersonic aircraft.  The chief 
requirement for a model of this type is that it has to be able to simulate a system that represents a complex set of 
heat transfer and turbomachinery components with multiple external thermal drivers.  It must be able to support 
steady state operation in both design and off-design modes where off-design is not just a flight condition situation 
but one with varying thermal loads from the aircraft systems.  And it has to support open loop transient and data 
reduction execution for control, component, and airframe development and test.  It also has to readily interface with 
other NPSS models such as the engine and higher fidelity component models2 to analyze their interactions with 
other components and the system as a whole. Completed simulations must also be able to be converted into black 
box “customer models” for delivery to external customers. 

By building the model in NPSS we were able to demonstrate how to meet the steady state requirements and 
provide the template for a model that can be used for the transient, data reduction, and customer model modes.  This 
model can be used for all phases of the life cycle of the hardware from conceptual, preliminary, and final design, to 
development, component test, airframe test, production, and operation. 

II. NPSS Background 
The Numerical Propulsion System Simulation was developed as a joint project between a team of government, 

industry, and academic partners.  The primary goals in developing NPSS were to provide a modeling environment 
that would: 

• Follow the system throughout its entire life cycle 
• Enable the integration of increasingly sophisticated component models into the system as needed 
• Keep the environment as flexible as possible so as to enable the modeling of any type of complex 

system 
• Provide a plug-and-play application that would allow for the addition or replacement of any of the 

major subsystems, components, and associated tools 
• Allow for the ability to make design decisions early in the system development phase 
• Focus the user interfaces on the engineering aspects and put most of the coding related to 

infrastructure in the background 
• Provide a library of components for use by the model developer 

NPSS employs a replaceable Newton-Raphson Solver, supports several fluid property packages (as well as a 
user defined one), and has both graphical and text based user interfaces.  The system also supports the concept of 
nesting sub elements within the system components.  The components (Elements) can contain sockets that can 
optionally have SubElements plugged into them.  These SubElements can also contain sockets allowing for nesting 
at whatever depth is required.  Models may also be placed in a separate object (Assembly) which allows it to be 
readily interfaced to other NPSS models and to be instantiated any number of times for aircraft systems that might 
require multiple units. 

NPSS was originally released in 2001 and has received several awards for its excellence in design.  The 
application has been used to model military aircraft engines (Joint Strike Fighter), commercial jet engines (GE/PW 
GP7000 family), rocket engines3, fuel cells4, stationary power systems (GEPS), spacecraft power systems5,6, control 
systems7, individual components8, and even biological systems (internal NASA project modeling blood flow in a 
human heart). 
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III. Model Description 

A. Fluid Streams 
The TMS simulation was based on the schematic shown in Figure 1 and the resulting NPSS VBS schematic is 

shown in Figure 2.  It consists of three primary streams: the closed loop reverse Brayton cycle which provides for 
most of the heat extraction, and two streams supplied by the main engine bleed, one used to provide additional 
energy for the closed cycle and the other to provide air for both the cold and warm air supply systems.  Descriptions 
of the streams are as follows: 

1. The Closed Loop Cooling (CLC) stream begins with a FlowStartEnd element (CloseLoop) that is used 
to balance the fluid state in the loop.  This flow (represented by the heavy black line in Figure 1): 

a. Passes through the compressor where the loop reaches its maximum pressure and temperature 
b. An externally connected air-to-air heat exchanger (EngineHX1) is then used to remove some 

of the heat generated during the compression process 
c. An air-to-liquid heat exchanger (HotSink) provides for closed loop cooling by the fuel 
d. The air then flows through a heat exchanger (Regenerator) to pre-cool the flow before entering 

the turbine 
e. A turbine (CoolingTurbine) is used to cool the flow further and to convert the heat energy to 

work to help drive the compressor 
f. This flow then passes through two more heat exchangers.  One air-to-air unit (BleedHX3) to 

cool the Cold Air Supply (CAS) air and an air-to-liquid unit (ColdSink) for the external heat 
addition 

g. The air then flows back through the regenerator and BleedHX1&2 to be preheated before 
returning to the compressor inlet 

2. The Supplementary Power (SP) stream represented by the downward branch (red line) from the main 
engine bleed splitter contains bleed air that is passed through the Power Turbine to provide the 
additional power necessary to drive the compressor 

3. The Cold and Warm Air Supply (CWAS) stream represented by the upper red line from the main 
engine bleed splitter 

a. Flows through an externally connected air-to-air heat exchanger to pre-cool the flow. 
b. It then passes through a series of heat exchangers 

i. The first (BleedHX1) cools the flow enough to allow it to be fed to the Warm Air 
Supply (WAS) 

ii. The second (BleedHX2) reduces the flow temperature to an adequate level to provide 
for control of the WAS temperature 

iii. The third (BleedHX3) cools the air to the point where it can be added to the Cold Air 
Supply (CAS) 

B. Components 
NPSS Elements and Subelements were selected from the standard library to appropriately model the component 

operation at a level necessary to obtain reasonable accuracy and acceptable execution speed for extensive running.  
The CLC and CWAS streams have externally connected air-to-air heat exchangers (EngineHX1 and EngineHX2) to 
provide initial cooling for the flows.  These components were modeled using the standard HeatExchanger element.  
The user can specify either a heat load or effectiveness to calculate the heat transfer between the two streams.  The 
user may also input a value for pressure drop across either stream.  The inputs for heat transfer and pressure drop 
may be set by the user or calculated via SubElements plugged into their heat transfer and/or pressure drop sockets 
respectively.  This element was also used for the closed cooling loop heat exchangers (Regenerator, BleedHX1, 
BleedHX2, and BleedHX3). 

To keep the simulation generic the two externally connected air-to-liquid heat exchangers used for aircraft 
subsystem cooling and the fuel heat sink were not modeled in detail.  Gross heat loads were specified and the 
components were modeled as simple Duct elements containing optional pressure drop calculations with the heat 
energy added or subtracted from the flow in the elements postExecute functions.  These components can readily be 
replaced as needed by heat exchangers and more detailed models of the respective subsystems being cooled or 
heated. 

The compressor was modeled using the standard NPSS Compressor element and a generic centrifugal 
compressor map Subelement.  The Power and Cooling Turbines used the standard NPSS Turbine element and a 
generic turbine performance map Subelement.  A Load element was connected to the Shaft to provide for bearing 
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loads and windage loss.  The NPSS Shaft element was used to mechanically connect the turbomachinery and load 
components and to provide balances for rotor speed and torque. 

Other elements from the standard NPSS library include the FlowStart and FlowEnd components used for book 
keeping the initial and final fluid conditions for the various streams and the Splitter, and Mixer (for stream 
connections).  An instance of the Duct element was used with a postExecute function to model the bleed pressure 
control valve to limit pressure by adjusting the relative pressure drop across the duct. 

Some additional components not available in the standard release libraries had to be developed.  Among them 
was a bleed element (FlowAddedDuct) that allowed for direct connection of a bleed flow to standard fluid ports 
rather than other bleeds.  Another was a flow control valve (FlowValve) that could be used to change engine bleed 
flow to the Power Turbine so as to regulate rotor speed. 

Two additional elements were required to manage the closed loop calculations.  A FlowStartEnd component 
developed by NASA GRC was provided to balance the cycle thermodynamics, and a ClosedCycleInv element was 
provided to book keep closed cycle gas inventory during off-design operation 

C. Solver Setup 
The appropriate solver independents and dependents are activated as needed by the setupDesign and 

setupOffDesign functions defined in the model.  The primary pairings for these setups are outlined in Table 1. The 
FlowStart and FlowEnd Components were grouped in this table under single independent/dependent headings as all 
of them function to balance the fluid conditions for one or both of the component inlet streams in four of the heat 
exchangers. 

 
Table 1.  Solver Balances 

 
Design Mode  
Independent Dependent 
Compressor Mass Flow Rate Cycle Thermodyanamic Equilibrium 
Cooling Turbine Pressure Ratio Balance Cycle Pressure Drop 
Flow Control Valve Pressure Drop Power Turbine Exhaust Pressure is Ambient 
Warm Air Supply (WAS) Split 1 WAS Target Temperature 
Warm Air Supply (WAS) Split 2 WAS Target Flow Rate 
Flow Start/End Components Component Outlet Temperature Equals Inlet Temperature 
Flow Start/End Components Component Outlet Pressure Equals Inlet Pressure 
Flow Start/End Components Component Outlet Flow Rate Equals Inlet Flow Rate 
  
Off-design Mode  
Independent Dependent 
Compressor Pressure Ratio Compressor Outlet Flow Rate Equals Inlet Flow Rate 
Compressor Flow Rate Closed Cycle Gas Inventory Equals Design Point 
Cooling Turbine Pressure Ratio Turbine Outlet Flow Rate Equals Inlet Flow Rate 
Power Turbine Pressure Ratio Turbine Outlet Flow Rate Equals Inlet Flow Rate 
Flow Control Valve Pressure Drop Power Turbine Exhaust Pressure is Ambient 
Warm Air Supply (WAS) Split 1 WAS Target Temperature 
Warm Air Supply (WAS) Split 2 WAS Target Flow Rate 
Shaft RPM Balance Shaft Torque 
Flow Start/End Components Component Outlet Temperature Equals Inlet Temperature 
Flow Start/End Components Component Outlet Pressure Equals Inlet Pressure 
Flow Start/End Components Component Outlet Flow Rate Equals Inlet Flow Rate 
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Figure 1.  TMS Schematic
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Figure 2.  NPSS Simulation Schematic
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IV. Standard Simulation Inputs 
 
The input variables available for the simulation are listed in Table 2 and include the user inputs required for 

design and off-design modes of operation.  There were also two setup functions (setupDesign, setupOffDesign) 
developed for the user to initiate the operation modes for the model. 

 
Table 2.  Simulation Inputs 

 

     Component    Parameter Units Design 
   Off         
Design 

Hot Sink Q BTU/sec x x 
  "      " dPqPbase -- x  
  "      " gasVol1 Ft3 x  
Cold Sink Q BTU/sec x x 
   "      " dPqPbase -- x  
   "      " gasVol1 Ft3 x  
Regenerator effect -- x  
        " dPqP1 -- x  
        " dPqP2 -- x  
        " gasVol1 Ft3 x  
        " gasVol2 Ft3 x  
Bleed HX1 effect -- x  
    "      " dPqP1 -- x  
    "      " dPqP2 -- x  
    "      " gasVol1 Ft3 x  
Bleed HX2 effect -- x  
    "      " dPqP1 -- x  
    "      " dPqP2 -- x  
    "      " gasVol1 Ft3 x  
Bleed HX3 effect -- x  
    "      " dPqP1 -- x  
    "      " dPqP2 -- x  
    "      " gasVol1 Ft3 x  
Main Engine Bleed Tt oR x x 
   "        "         " Pt psia x x 
   "        "         " W lbm/sec x x 
Main Engine Bleed Split BPR -- x x 
Engine HX1 Tt oR x x 
       "        "      " Pt psia x x 
       "        "      " W lbm/sec x x 
Engine HX2 Tt oR x x 
       "        "      " Pt psia x x 
       "        "      " W lbm/sec x x 
Compressor Tt oR x  
         " Pt Psia x  
         " effDes -- x  
         " PRdes -- x  
Cooling Turbine effDes -- x  
     "          " parmMap -- x  
Power Turbine effDes -- x  
Bearing Load trqLoad ft-lbf x x 
Shaft Nmech RPM x  
Warm Air Supply (WAS) Tt oR x x 
   "       "       "          " W lbm/sec x x 
Ambient Pt psia x x 
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V. Sample Model Outputs 
The sample outputs shown in Figures 3 and 4 represent a design point case and an off-design point case 

respectively.  Table 2 listed the user-specified variables required for the design point case.  Those design values 
include a hot sink heat load of -100 BTU/sec, a cold sink load of 20 BTU/sec, a compressor pressure ratio of 4.0, 
compressor inlet conditions of 30.0 psia and 780 oR, and a shaft speed of 50,000 rpm.  Values such as the closed 
cycle mass flow rate, heat transfer across all the air-to-air heat exchangers, cooling turbine and power turbine 
pressure ratios, and shaft power were all calculated by NPSS. 

The off-design case was set up by changing the heat loads and engine flight conditions. The hot sink heat load 
was changed to  -50 BTU/sec, the cold sink heat load was changed 10 BTU/sec, the engine fan duct temperature was 
changed to 800 oR, and the main engine bleed temperature and flow rate were changed to 1200 oR and 3.0 lbm/sec 
respectively.  As a result of these changes, the shaft speed increased to 62,457 rpm, compressor pressure ratio 
increased to 5.33, and power supplied by the power turbine increased from to 184 to 287 hp. 

It should be noted that the operating points for these sample design and off-design test cases do not represent 
actual hardware.  They were selected to be reasonably representative design criteria so it could be demonstrated that 
the model can execute and will converge in both modes of operation.  This model is intended to be a template for 
similar type TMS models.  Using this model as a base, one can add, delete or reroute components easily in the NPSS 
environment.  Users can also create their own component definitions and insert them anywhere in the model as well 
as interface to higher fidelity codes. 

VI. High Fidelity Components 
Replacing the current components in the model with transient-capable, higher fidelity, or legacy component 

codes is easily handled through the NPSS component Application Program Interface (API).  Components coded in 
NPSS syntax can be directly replaced while legacy or non NPSS component models can be utilized by a number of 
different methods; the two most common being: 

1. Write a wrapper component in NPSS syntax that performs data I/O and execution commands for the 
detailed component.  This method is best suited to codes that run quickly because the external model is 
executed each iteration pass of the system model. 

2. Use a modified NPSS 0D component to run the system model to convergence.  The external code is 
then executed and influence coefficients are passed back to the 0D component typically via a map sub 
element to define the NPSS component’s characteristics.   This approach is best for external codes that 
require significant run time such as CFD codes.  The external model is only run after the system model 
reaches convergence thus reducing the execution time considerably. 

VII. Follow on Work 
Additional work planned for this model includes 

1. Enable transient operation 
a. Replace the heat exchanger components with a currently available, simple HX component that 

is set up to run transiently 
b. Insert the necessary inertias, etc. for transient operation 
c. Add the necessary input functions/tables for the heat loads and engine conditions 

2. Build a system control 
a. Build an ideal control for control development studies 

3. Install higher fidelity components 
a. Develop higher fidelity NPSS components (heat exchangers, etc.) that more accurately 

represent actual hardware for transient analysis 
b. Interface the model to a legacy high fidelity 2D or 3D component model 

VIII. Conclusion 
NPSS has the power and flexibility to model complex aircraft systems such as the Thermal Management System.  

The model described in this paper can be used interchangeably in any number of aircraft designs.  It can be used as a 
starting point and expanded to model the entire aircraft TMS in detail.  The 0D version can be used in all phases of 
the system life cycle.  In conceptual design it can be used for trade off studies.   In preliminary and final design it 
can be used to size the system components and help develop control systems and integrate with higher fidelity codes 
to increase precision.  The development program can use the model in transient and data reduction modes for bench 
and flight testing.  Operationally it can be used to refine the system based on flight data and changing thermal load 
requirements.  This capability will enable a significant reduction in design, development, and time to flight costs for 
these types of systems. 
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Figure 3.  Design Point Outputs 
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Engine Fan Duct Flow
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Figure 4.  Off-Design Point Outputs
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