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Abstract 

In modern aircraft, one of the most difficult issues has been how to provide avionics with 

adequate cooling. Future versions of the fighter aircraft JAS 39 Gripen will be equipped with 

new applications that have increased heat loads. In previous versions of the JAS 39 Gripen, 

avionics were cooled by fuel and zero degree air, but in the next version a liquid loop will be 

installed to cool the new radar.  

 

The fluid in the liquid loop is cooled to proper temperature by pressurized bleed air from the 

engine, which is cooled by ram air. The air to cool the avionics is produced in the same way 

and this is a very expensive process for the airplane which lowers its performance. It is 

important to minimize the production of cooling air and therefore three new adjustable valves 

that provide various components with cooling air will be installed in the next version of the 

JAS 39 Gripen. 

The cooled and pressure controlled air from the engine is distributed between different 

avionic shelves, each containing a set of components. Depending on the type of tasks 

performed and the current flight mode of the aircraft the requirement of functions that should 

be active varies and therefore also the cooling demand to avionics. The first part of this thesis 

studies if cooling air temporarily can be saved by reducing the cooling to certain avionic 

shelves. This part of the thesis results in a guideline for how the distribution of cooling air 
should be regulated in the absence of full cooling capacity.  

The amount of cooling that must be distributed to the radar is proportional to its power 

consumption which varies widely depending on the radar’s operational mode. Since the pump 

that determines the liquid flow velocity operates at a constant speed, the regulation of cooling 

to the radar is controlled by varying the air flow into the heat exchanger. The heat exchanger 

cools the fluid and thus determines the temperature of the fluid when it reaches the radar. In 

the second part of the thesis, a control algorithm for controlling the airflow into the heat 

exchanger is proposed. The regulation keeps the fluid inlet temperature to the radar within the 
range of +25 ± 5 ˚ C and the gradient of the temperature less than 0.5° C per second. 

 



 

 

 

  

 

 

A PI controller with feed-forward filter succeeded in controlling the temperature of the liquid 

as it reached the radar within +25 ± 1° C. The temperature gradient requirement, 0.5° C per 

second, was also passed in all flight cases that were used to evaluate the controller. The PI 

controller with feed-forward has a low settling time and no static error. It also performs well 

when the measurement signals contain a lot of noise because of the controller’s integrated 
low-pass filter.  

The three new adjustable valves save 12 to 97 g/s of cooling air for the different valve 

positions studied in this thesis. This corresponds to 9 - 70% of the total amount of controllable 

air to the avionics. Since the production of cooling air is a costly process for the aircraft, the 
use of all 3 valves is recommended.  
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1 Introduction 

This master’s thesis has been performed for Saab Aeronautics at the division of air 

systems (TDGF) and deals with distribution of cooling air to the avionics and control of the 

temperature of the fluid that is used to cool the radar. This introductory chapter presents the 

background, objectives and method of this thesis. 

1.1 Background 

In modern aircraft, one of the most difficult issues has been how to provide avionics with 

adequate cooling. Future versions of the fighter aircraft JAS 39 Gripen will be equipped with 

new applications that have increased heat loads. In previous versions of the JAS 39 Gripen, 

avionics were cooled by zero degree air and fuel, but in the next version a liquid loop will be 

installed to cool the new radar (AESA). The fluid in the liquid loop is cooled to proper 

temperature by pressurized bleed air, drained from the compressor part of the main engine. 
The bleed air is cooled by ram air which is air taken from the surroundings of the aircraft.  

The air to cool the avionics is produced in the same way and this is a very expensive process 

for the airplane which decreases its performance. The cooling air from the engine is 

distributed between different avionic shelves, each containing a set of components. 

Depending on the type of tasks performed and the current flight mode of the aircraft the 

requirement of functions that should be active varies and therefore also the cooling demand to 

avionics. It is important to minimize the production of cooling air and therefore three 

adjustable valves that provide various components of cooling air will be installed in the next 
version of the JAS 39 Gripen for more efficient control of the cooling air. 

1.2 Objectives 

This section presents the objectives of the thesis for each of the two parts. 

1.2.1 Air Cooling 

The purpose of the first part of the thesis is to study if cooling air temporarily can be saved by 

reducing the cooling to certain avionic shelves. This part of the thesis should result in a 

guideline for how the distribution of cooling air should be regulated in the absence of full 
cooling capacity. 
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1.2.2 Radar Cooling 

The purpose of the second part of the thesis is to create a control algorithm for controlling the 

flow of cooling air into the heat exchanger which is used to cool the liquid. The objective of 

the regulation is to keep the fluid inlet temperature to the radar within the range of +25 ± 5°C, 

while keeping the gradient of the fluid temperature at the inlet to the radar less  

than 0.5°C per second, according to [9]. It is important that the controller can handle fast 

variations of heat loads, temperature and pressure of the cooling air caused by different flight 

cases. The controller also has to be easy to retune and without demanding too much resources 
from the aircraft’s system computer. 

1.3 Method 

This section presents the method used for each of the two parts of the thesis. 

1.3.1 Air Cooling 

To determine the amount of cooling air that can be saved if an avionic shelf is deprived of its 
supply of cooling air, this order of actions were taken:  

• Examination of how the cooling system was constructed. Lengths, diameters and turns 

of the pipes were measured using the software CATIA.  

• Divided the piping system into 31 parts, where each part contains a change in the 

structure that causes a loss of pressure.  

• Studied the air flow characteristics through the pipes and the corresponding formulas 

which were valid for the actual flow and pipes. 

• Calculated the pressure losses for each part of the piping system and investigated the 

pressure losses over the avionics. These were used as input to Saab’s software Airsta. 

• Discussed interesting test cases. 

• Simulated the test cases with their different valve configurations.  

• Drew conclusions and recommendations and discussed future work. 

 

How the pressure losses through the pipes are calculated is stated in Chapter 3. The pressure 

losses due to the avionics are estimated by studies of pressure curves for each device and 

discussions with Saab’s experts for the devices that have not been tested yet.  
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1.3.2 Radar Cooling 

These actions were taken to construct a controller which would be able to satisfy the  

required performance: 

• MATLAB Simulink was used to create a basic model of the system with a simple 

controller to identify the biggest control related challenges. 

• Evaluation of different control algorithms following the results of the initial 

simulations with the basic model. 

• To secure that the controller has sufficient performance, a set of challenging flight 

cases was created.  

• Access was granted to a new, more sophisticated model which was used to implement 

and tune the chosen controller and to evaluate its performance.  

• Drew conclusions and recommendations and discussed future work.  

 

1.4 Secrecy 

Saab has asked for information that deals with secret details of the system’s performance not 
to be disclosed.  The time axis in all graphs has been removed. 

 

1.5  Thesis Outline 

Chapter 2 contains an overview of the systems handled in this thesis. 

Chapter 3 describes the theory needed for implementing the basic model and calculating 
the pressure losses which occur through the pipes. 

Chapter 4 contains the models and simulation used in this thesis. 

Chapter 5 describes the control algorithms used in this thesis. 

Chapter 6 contains the results achieved in this thesis. 

Chapter 7 concludes the thesis and discusses future work. 

Chapter 8 contains nomenclature used in this thesis. 
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2 System overview 

This chapter presents the two subsystems in JAS 39 Gripen addressed in this thesis and their 
features and architecture. 

2.1 Air Cooling 

The cooling air has to be around 0° C when it is supplied to the avionics. The temperature of 

the bleed air from the main engine can be as high as 600° C, according to [7]. A valve 

depressurise the bleed air as it travels in pipes from the engine to the cooling pack bay as 

illustrated in Figure 2.1. The bleed air is then cooled by using ram air. The temperature of the 

ram air can be over 100° C due to the high amount of friction due to the aircraft’s high speed, 

so therefore the bleed air cannot be cooled down to the required temperature by only using 

ram air. The bleed air must therefore pass through a turbine before it can be supplied to the 

avionics.

 
 

1 Cooling pack bay    4 Piping from engine 

2 Ram air intake    5 Auxiliary power unit 

3 Emergency ram air intake 
 

Figure 2.1. Cooling equipment. This figure is published with Saab’s approval. 
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The cooling air from the engine is distributed between different avionic shelves, each 

containing a set of components. Depending on the type of tasks performed and the current 

flight mode of the aircraft the requirement of functions that should be active varies and 

therefore also the cooling demand to avionics. It is important to minimize the production of 

cooling air and therefore three adjustable valves that provide various components of cooling 

air will be installed in the next version of the JAS 39 Gripen for more efficient control of the 
cooling air as illustrated in Figure 2.2.  

Here, the names of the appliances in the avionics shelves have been removed due to secrecy. 

At the end of each field one can see the amount of cooling air (g/s) that must be supplied to 

the device. The highlighted fields in the avionic shelves indicate that the supply of cooling air 

to these devices is critical for the aircraft’s flight ability and the less highlighted fields 

indicates that the supply of cooling air to the concerned device is critical for using a specific 
function.  

The valve named 120HA can only be open or closed in difference to the valves 121HA and 

119HA which can control the amount of cooling air passing them. The valve named 118HA is 

used to regulate the airflow to the cabin and is not relevant in this thesis. 

 

Figure 2.2. Distribution of cooling air 
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2.1.1 Limitations 

Since the air cooling system is under development there are certain unknowns, which have to 

be estimated. Saab’s experts have been supporting to do these estimates as accurate as 
possible. These are the limitations concerning the air cooling part of the thesis: 

• All pressure drops that occur over the components are not known in this early phase of 

the future version of JAS 39 Gripen and have to be estimated.  

• Airsta has a limited performance. The calculations of the flows have a precision of  

about 5 %. The interesting flows in this thesis are redistributions of known flows 

through the pipes. The precision is significantly higher for a change in a known flow, 

so Airsta’s performance is good enough to make accurate conclusions. 

• No sudden effects of redistributions of flows are studied in this thesis, only static 

flows. This is not crucial to the result of the simulations since the time constant of a 

redistribution of a flow is very small. 

• There is no signal available for how much power that is produced by each device and 

the required amount of cooling is based on the maximal cooling demand. 

• After the cooling air is applied to the avionics, it flows to a space which has constant 

pressure for all avionics. 
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2.2 Radar Cooling 

The radar is cooled by a liquid consisting of water and glycol. The liquid is cooled by bleed 

air, which is highly compressed air drained from the main engine. This air is produced in a 

similar way as the cooling air for the avionic shelves; the major difference, according to [10], 

is that the air which leaves the heat exchanger is reused to cool the bleed air which has a 

significantly higher temperature. The radar cannot operate until the main engine has been 

started since the auxiliary power unit cannot supply the heat exchanger with cooled air. How 

the auxiliary power is generated in a jet engine is explained by the Brayton cycle, which 

describes the different parts of the jet propulsion cycle [6]. The liquid loop contains a pump 

which operates at a constant speed, a reservoir for handling changes in volume and pressure 

relief valves to protect the radar and heat exchanger from high pressure. This part of the thesis 

will focus on the control valve that determines the amount of air which will be applied to the 
liquid through the heat exchanger. 

The cooling efficiency of the bleed air and thereby the cooling efficiency of the liquid varies 

as the aircraft flies in different ways. If the aircraft is operating at high altitude, the 

temperature of the ram air is low, which is a good feature for a refrigerant. But more 

importantly: the surrounding air pressure is so low that the resulting cooling efficiency of the 

ram air actually decreases as the aircraft flies to a higher altitude. If the aircraft is operating at 

a low altitude, the temperature of the ram air is high, which decreases cooling efficiency 

applied to the bleed air. However the surrounding air pressure is high so the amount of ram air 

does not has to be as large to achieve equivalent cooling efficiency as it had to be when the 

aircraft flew at higher altitudes. 

If the aircraft accelerates, the engine generates a higher thrust and the temperature of the bleed 

air increases dramatically. At first, this yields that a larger amount of bleed air has to be 

allowed through the control valve into the heat exchanger to secure the desired temperature of 

the liquid. But when the aircraft has reached a high speed, the flow of ram air has increased 

and the resulting cooling efficiency is actually higher than prior to the acceleration.  

As illustrated in Figure 2.3, the cooled liquid leaving the heat exchanger has to travel a 

significant distance in the pipes before it can be supplied to the radar. If the radar suddenly 

needs an increased amount of cooling, the control valve will allow a larger flow of cooled 

bleed air to be applied to the liquid in the heat exchanger, but there will be a delay before the 
cooled liquid reaches the radar. 
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1   Antenna location    2   Pump 

      Figure 2.3. The liquid loop’s position in the aircraft. This figure is             

published with Saab’s approval. 

2.2.1 Available Measurement Signals 

The following signals are available for tests performed in this thesis: 

• Fluid temperature at the in - and outlet of the radar. 
• Fluid temperature at the in - and outlet of the heat exchanger. 

• Power developed by the radar. 

• Altitude. 

• Mach speed. 

• Bleed pressure. 

• Bleed temperature. 

• Ambient temperature around the liquid loop. 

2.2.2 Limitations 

Since the radar cooling system is under development there are certain unknowns, which have 

to be estimated. Saab’s experts have been supporting to do these estimates as accurate as 
possible. These are the limitations concerning the radar cooling part of the thesis: 

• The liquid loop will also provide the FPU (Fin Pod Unit) with cooling but since the 

FPU develops a small amount of power compared to the radar, this will not be 

considered in this thesis.  

• This thesis will not consider degraded modes when the heat exchanger cannot receive 

sufficient amounts of cooled air to ensure the temperature of the liquid. 

• Since the liquid loop is in an early stage of development, complete data are not 

 available for all devices. This will be discussed in more detail in Chapter 4. 

• The thermal properties of the radar have not been tested by Saab and therefore the 
producer’s data are used to model the radar.  
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3 Mathematical Modeling 

This chapter deals with the theory needed to implement a model of the liquid loop system and 

calculate the pressure losses through the pipes. Notation used in this chapter is stated in 
Chapter 8. 

3.1 Fluid Dynamics 

In order to calculate the pressure drop occurring in the pipes some knowledge of fluid 

dynamics is required. Fluid dynamics is the scientific study of the properties and behavior of 
fluids in motion. The distinction between a fluid and a solid can be defined as [1, p. 6] 

A fluid deforms continuously under influence of shear stress, no matter how small. 

Usually all gases and liquids count as fluids. Fluid dynamics is a too large concept for this 
thesis but this chapter will focus on fluid dynamics regarding flows in pipes. 

3.2 Flow Characteristics 

Flows in pipes can be either laminar or turbulent. Laminar flow is characterized by a stable 

flow in parallel layers without irregular fluctuations. A turbulent flow is characterized by a 

chaotic movement with fluctuations in both time and space. To determine whether a flow is 
laminar or turbulent one can calculate the Reynolds number [1, p. 534]  

 �� � �����	
  (3.1) 

where ���� is the density of the air, � is the �low velocity, 	 is the inner diameter of  
the pipe and 
 is the �luid dynamic viscosity. 
 

The Reynolds number is the ratio between the inertial forces and the viscous forces. A flow is 

laminar if the corresponding Reynolds number is below 2300 and if the Reynolds number is 

greater than 10000 the flow can be regarded as a turbulent flow [1, p. 534]. 
 

The density of air ����, can be calculated by using the ideal gas law [3, p. 10] 

 ���� � !
� · #��� (3.2) 

where ! is absolute pressure, � is the speci�ic gas constant and #��� is the temperature 
of the air. 
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For the Gripen aircraft the temperature of the cooling air is approximately 273 *, the absolute 

pressure in the main pipe is 120 -./ and the specific gas constant is equal to 287 1 -2*⁄  

which results in a density of the cooling air equal to 1.53 -2 56⁄ . 

 

Since the mass flow and the density of the air through the main pipe is known and with a 
given inner radius of the pipe the flow velocity can be calculated using 

 � � 57 ���89: · ���� (3.3) 

with 57 ��� � 0.145 kg s⁄  , 9 � 0.0266 m and ���� � 1.53 kg m6,⁄ the result is  
� � 42.65 >⁄  

The dynamic viscosity is highly temperature dependent, but independent of pressure except at 

extremely high pressures according to [1, p.390]. The stated value for dynamic viscosity for 

air at 273 K [1, p. 1020],  is therefore valid when calculating the Reynolds number for the 

flows dealt with in this thesis. With 
 � 1.729 · 10@A, 	 � 0.0532 5 /B	 � � 42.6  5 >⁄  

results in �� � 2.0 · 10A. 

 
Reynolds numbers in the magnitude of 2 · 10A are significantly larger than the limit C10DE for 

turbulent flows. All air flows can therefore be assumed to be turbulent. 

3.3 Bernoulli’s Equations 

In order to study how the pressure varies in the tubes one can use Bernoulli’s equation  
[3, p. 33] 

 ! F ��:
2 F �2G � HIB>J/BJ (3.4) 

where 2 is the gravitational acceleration. 
 

Bernoulli’s equation describes the relation between pressure !, flow velocity � and height G 

for a fluid along a streamline. A streamline has the following definition [1, p. 432] 

A streamline is a curve that is everywhere tangent to the instantaneous local 

 velocity vector 
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All terms in Bernoulli’s equation have the dimension of pressure, the first term is known as 

the static pressure, the second as the dynamic pressure and the third as the hydrostatic 
pressure.  

Bernoulli’s equation is only valid for a frictionless, stationary, incompressible flow and  
where no work is performed or added by the fluid. An incompressible flow is  
defined as [1 p. 378] 
 

The volume of every portion of the fluid remains unchanged over the course 

 of its motion when the flow is incompressible. 

An air flow with velocity less than 100 m/s can be regarded as an incompressible flow 

according to [1, p. 378]. 

Since the piping system is full of twists and area reductions that cause changes in the pressure 

through the pipes, a more useful equation is Bernoulli’s extended equation [3, p. 33] 

 !K F ��K:2 F �2GK � !: F ��::2 F �2G: F ∆!M F �NO (3.5) 

where ∆!M and NO is the pressure loss and the speci�ic work between the two points. 
 
Bernoulli’s extended equation describes two points along a streamline of an incompressible 

flow. Unlike Bernoulli’s ordinary equation the extended version can handle pressure losses. 

No work will be performed by the fluid here, so NO will be equal to zero. 

3.4 Pressure Losses 

This chapter will explain the different pressure losses studied in this thesis. Pressure losses in 

pipes are caused by either friction or single pressure losses due to different pipe 
configurations and can be described as 

 ∆!M � ∆!M��PO�QR F ∆!S�RTU� (3.6) 

 
The pressure loss due to friction is given by [3, p. 41] 

 ∆!M��PO�QR � V W��:2	  (3.7) 

where V is the friction coef�icient, W is the charcteristic length and 	 is the inner  
diameter of the pipe. 
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D 

R 

Since the inner surface of the pipes used in the aircraft is smooth and 10A X �� X 10Y one 
can use 
 V � 0.0032 F 0.22 · ��@Z.:6[ (3.8) 

to calculate V according to [3, p. 41]. 

The aircraft’s cooling air distribution system is constructed such that a specified amount of 

cooling air can be provided to all avionic shelves, which are located in different areas in the 

aircraft. The main air pipe divides into several smaller pipes, which each one leads to an 
avionic shelf. A loss of pressure is obtained each time the pipe transforms or turns.  

The single pressure losses are given by [3, p 39] 

 ∆!S�RTU� � \ ��:2   (3.9) 

where \ is the minor loss coef�icient. 
 
 

For a 90° flanged elbow reduction, \C� ]⁄ E is shown in Figure 3.1 and R and D are defined in 
Figure 3.2 [3, p. 41]. 
 

 
Figure 3.1.  \C� ]⁄ E 

    

 

 
 

      

          Figure 3.2. Elbow in a pipe 
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For an area reduction as shown in Figure 3.3, \ is given by [3, p. 40] 

 \ � 0.4^1 _ `a:aKb
: c (3.10) 

 

 

Figure 3.3. Area reduction 

 

For a 90° branch the loss coefficient  \ � 0.2 for the flow in the main direction and  \ � 1.0 

for the flow into the branch [1, p 556]. See Figure 3.4. 

 

 

 

 

 

 

 

     Figure 3.4. Branch Flow 

 

The single pressure losses are often mentioned as minor pressure losses, but they cannot be 

neglected since the cooling air distribution system is filled with branches, area reductions and 

twists. The pressure losses due to friction are often stated as the major pressure losses. 

However the pipes are smooth and the cooling air has to travel a relatively short distance to 

reach its destination. The ratio between the pressure losses caused by friction compared to 

those caused by the single losses can be found in Chapter 6. 

Sub branch flow 

Main branch flow 
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3.4.1 State Space Form 

A state space form is represented as 

 d7CJE �  adCJE F efCJE 
(3.11) 

 gCJE � hdCJE F ]fCJE 
(3.12) 

where d is the state vector, u is the input vector, g is the output variable and a, e, h and ] are 

matrices. 
 

A state space model describing the total pressure loss, for a specified part of the air cooling 
piping system, can be written using the state variables 

      dK � ∆!M��PO�QR 
(3.13) 

  d: � ∆!�UiQj 
(3.14) 

                 d6 � ∆!���� ��klPO�QR 
(3.15) 

                      dD � ∆!m��R i��RPn MUQj 
(3.16) 

                   dA � ∆!Sli i��RPn MUQj 
(3.17) 

                     g � ∆!OQO�U                           (3.18) 

where ∆!o are the different types of pressure losses described in Section 3.4.  

Since there is no way to control the pressure loss for a certain part of the air piping system the 
input vector fCJE � 0 for all t. The flows of cooling air studied in this part of the thesis are 
static, which leads to d7CJE � 0 for all J. This limitation is not crucial for the validity of the 
results in this thesis, see Chapter 2.2.1. Since there is no equation for d7CJE, the state space 
form describing the total pressure loss is degraded to a first order equation. 

The equation for the total pressure loss, for a specified part of the air cooling piping system is 
obtained as  

 ∆!OQO�U � p1 BK B:   B6 BDq r
st
tt
tu

∆!M��PO�QRv7∆!�UiQj∆!���� ��klPO�QR∆!m��R i��RPn MUQj
∆!Sli i��RPn MUQjv7wx

xx
xy
 (3.19) 

where Bo  are the number of encountered single pressure losses of the corresponding type for 
the specified part of the pipe. The result of (3.19) will be used in modeling of air cooling 
system, which is described in Chapter 4.6. 
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Cooling fluid 

Radar 

 

3.5 Thermodynamics 

In order to create a simple model of the liquid loop system, knowledge of thermodynamics is 

crucial. Thermodynamics is the part of physics that deals with the relationships and 
conversions between heat and other forms of energy. 

The relevant parameters for the heat exchange between the radar and the cooling liquid are 

shown in Figure 3.5 where 5��k��  is the effective mass of the radar, z is the heat  
transfer coef�icient, a {s the effective area between the radar and the �luid, |7  is the heat 
transfer rate,  #��k�� is the temperature of the radar,  #MUl�k is the temperature of the cooling 
 �luid,m7 �}~�� is the mass �low of the �luid and h� is the heat capacity.   
 

                                                5��k��  #��k��   |7��k�� 

                                                      a      h� ��k��    z 

 

     #MUl�k �R ��k��m7 �����
                 h� MUl�k        |7MUl�k                          #MUl�k QlO ��k��       

 

 

       Figure 3.5. Schematic of the cooling of the radar with relevant parameters. 

 
The heat transfer rate between the radar and the fluid is according to [3, p. 70]: 

 |7MUl�k � za `#��k�� _ #MUl�k �R ��k��F #MUl�k QlO ��k��2 b 
(3.20) 

 
 
The total rate of abducted heat from the fluid can be calculated using [3, p. 70]: 
 

 |7MUl�k � 57 MUl�kh� MUl�k�#MUl�k QlO ��k�� _ #MUl�k �R ��k��� (3.21) 
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The radar is rather heavy and slow to heat so the influence of thermal inertia is not an effect 

one can ignore. The equation for the thermal inertia of the radar is as follows 
 

 |7��k�� _ |7MUl�k � 5��k��h� ��k��#7��k�� 
(3.22) 

where 5��k�� is the effective mass of the radar. 
 

To implement the part of the model that describes the heat exchange between the radar and 

the liquid loop, (3.20) – (3.22) were used to obtain the unknown #��k��, |7MUl�k and #MUl�k QlO. 
All other parameters seen in Figure 3.5 are either known or given as an output from the heat 

exchanger in the model. 

 
The total rate of abducted heat from the fluid in the heat exchanger can be calculated using 

 |7MUl�k �� � 57 MUl�kh� MUl�k�#MUl�k QlO ��_#MUl�k �R ��� (3.23) 

where #MUl�k QlO �� is the temperature of the fluid leaving the heat exchanger and #MUl�k �R �� 

is the temperature of the fluid entering the heat exchanger. 

The total rate of obtained heat to the air in the heat exchanger can be calculated using 

 |7��� �� � -��U��57 ���h� ���C#��� QlO ��_#��� �R ��E (3.24) 

where -��U�� is the percentage of maximum cooling air the control valve allows through, 

 #��� QlO �� is the temperature of the air leaving the heat exchanger and #��� �R �� is the 

temperature of the air entering the heat exchanger. 

To model the heat exchanger, two assumptions are made. The first is that all abducted heat 

from the fluid in the heat exchanger is obtained by the cooling air as follows   

 |7��� �� � _|7MUl�k �� 
(3.25) 

 

The Basic Model, which is used for an initial evaluation of the system, contains no hardware 

models with generated pressures and temperatures of the bleed air. This leads to a second 

assumption which states: the difference in temperature of the cooling air leaving and entering 

the heat exchanger is constant (3.26). In the Basic Model the cooling efficiency is only 
controlled by the amount of cooling air supplied to the heat exchanger. This can be written  

 #��� QlO ��_#��� �R �� � HIB>J/BJ � #��� �� k�MM  (3.26) 
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Using the assumptions above and (3.23) – (3.26), the heat transfer rate during the cooling in 
the heat exchanger can be calculated as follows 

 |7�� � -��U��57 ���h� ���#��� �� k�MM � 57 MUl�kh� MUl�k�#MUl�k �R ��_ #MUl�k QlO ��� (3.27) 

 

The output temperature from the heat exchanger, #MUl�k QlO ��, is achieved by applying simple 

operations to (3.27).  
 

Since there is a significant distance between the heat exchanger and the radar there will be a 

delay before the fluid from the heat exchanger reaches the radar. This delay is constant due to 

the constant speed the pump operates with. The temperature of the fluid will increase between 

the radar and the heat exchanger due of the warmer surrounding environment, which is 

assumed constant in the Basic Model. The relation between the temperature of the fluid as it 
reaches the radar and when it leaves the heat exchanger can be described as follows 

 #MUl�k �R ��k��CJE � #MUl�k QlO �� �J _ Jk�U��� F #�mi��RO (3.28) 

where  #�mi��RO is the increased temperature of the fluid due to ambient heating and Jk�U�� is 

the time for the fluid to travel between the heat exchanger and the radar.   

 

3.5.1 State Space Form 

A state space form is represented as 

 d7CJE �  adCJE F efCJE 
(3.29) 

 gCJE � hdCJE F ]fCJE 
(3.30) 

 

where dCJE is the state vector, fCJE is the input vector, gCJE is the output variable and a, e, C 

and ] are matrices. 

A state space model describing the heat exchange between the radar and the cooling liquid 
can be written using the state variables 
 dKCJE � #��k��CJE (3.31) 

 d:CJE � |MUl�kCJE (3.32) 

 



20 

 

 fKCJE �  |7��k��CJE (3.33) 

            f:CJE � #MUl�k �R ��k��CJE (3.34) 

where #MUl�k �R ��k��CJE is generated from the heat exchanger by controlling the amount of 

cooling air and |7��k��CJE is depending on the selected radar program. 

gCJE � #MUl�k QlO ��k��CJE (3.35) 

 

Using (3.20) and (3.21) results in 

 

gCJE � 2za
257 MUl�kh� MUl�k F zadKCJE F 257 MUl�kh� MUl�k _ za

257 MUl�kh� MUl�k F zaf:CJE  (3.36) 

 

By replacing #MUl�k QlO ��k�� in (3.21) with the result in (3.36),  |7MUl�kCJE can now be written 

as a function independent on derived states 

 |7MUl�kCJE � d7:CJE � 257 MUl�kh� MUl�kza257 MUl�kh� MUl�k F za CdKCJE _ f:CJE E (3.37) 

 

By inserting the result from (3.37) in (3.22),  #7��k��CJE can now be written as a function 
independent on derived states 
 
 

 

#7��k��CJE � d7KCJE � |7��k��CJE _ |7MUl�kCJE5��k��h� ��k�� � 
 
� fKCJE5��k��h� ��k�� F

257 MUl�kh� MUl�kza
5��k��h� ��k���257 MUl�kh� MUl�k F za� Cf:CJE _ dKCJE E 

(3.38) 
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A state space form for the heat exchange between the radar and the cooling liquid is obtained 
as 

 �#7��k��CJE|7MUl�kCJE� �  a � #��k��CJEI7|MUl�kCJE � F e � |7��k��CJE#MUl�k �R ��k��CJE� (3.39) 

 

 #MUl�k QlO ��k��CJE �  h � v7#��k��CJE  |MUl�kCJE � F ] � |7��k��CJE#MUl�k �R ��k��CJE � (3.40) 

 

N��9� a �
st
tt
tu_

257 MUl�kh� MUl�kza
5��k��h� ��k���257 MUl�kh� MUl�k Fza� 0

257 MUl�kh� MUl�kza257 MUl�kh� MUl�k F za 0
   
wx
xx
xy
 

e �
st
tt
tu 

1
5��k��h� ��k��

257 MUl�kh� MUl�kza
5��k��h� ��k���257 MUl�kh� MUl�k F za�

0 _ 257 MUl�kh� MUl�kza257 MUl�kh� MUl�k F za
   
wx
xx
xy
 

h � � 2za
257 MUl�kh� MUl�k F za 0  � 

/B	 ] � � 0 257 MUl�kh� MUl�k _ za
257 MUl�kh� MUl�k F za  � 

The equations derived in this section were used to implement the Basic Model of the radar 

cooling system, which can be studied in Chapter 4.1. The Basic Model was used to perform 

simulations for an initial evaluation of the system. The result from these simulations can be 
studied in Chapter 4.3. 
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4 Simulation Models and Simulation 

Setup 
This chapter presents the origin of the models used in this thesis including their specifications 

and limitations, the different flight cases that have been simulated for evaluation of the 

controller and the modeling of air cooling system. The basic model has been developed from 

the differential equations stated in Chapter 3 and has been used to identify the biggest control 

related challenges. Later in the project access was granted to the advanced model which has 
been generated from hardware modeling of the system’s components. 

4.1 Basic Model 

The Basic Model is implemented in MATLAB Simulink as a continuous time model using the 

equations stated in Chapter 3.5. The inputs to the basic model are liquid mass flow and the 

developed power of the radar as illustrated in Figure 4.1. The output of the Basic Model is the 

temperature of the fluid as it reaches the radar. An ad hoc tuned PI controller was 

implemented for testing. 

 
The Basic Model takes into account the thermal inertia and the heat transfer rate of the radar 

as well as the heat exchanger’s cooling efficiency. The data for the heat coefficients stated in 

[11] have been used to ensure a realistic system behavior. The cooling efficiency depends on 

the valve position controlling the cooling air. The Basic Model also contains the time delays 

in the system due to the length of the pipes between the heat exchanger and the radar and the 

fluid mass flow in the pipes. The value of the generated control signal u is the desired position 

of the valve which adjusts the flow of cooling air to the heat exchanger. 
 

 

Figure 4.1. Basic Model 

The Basic Model has been used to study how much impact the thermal inertia of the radar has 

on the rate of cooling which must be supplied to ensure full functionality of the radar. The 

Basic Model has also been valuable for the evaluation of the difficulties of regulating the 
appropriate cooling stemming from the time delays in the system. 
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Since the basic model does not contain the physical behavior of every single component of the 

system it will not be able to describe all aspects regarding differences in performance 
depending on varying flight situations. 

4.2 Advanced Model 

The hardware parts of S-ECS (Secondary environmental control system, the air cooling 

system) and the liquid loop are modeled in Dymola (Dynamic Modeling Laboratory), which 

is a Modelica based tool for modeling and simulation of complex systems. The Advanced 

Model used in this master thesis has been developed by Saab and is in some regards 

simplified, but contains all major parts to provide a relevant system behavior. Since the liquid 

loop system is in the initial state of the complex implementation procedure, not all system 

data are yet available for certain devices. In those cases, the specialists at Saab have made a 

comparison with similar, now available, devices and made an estimation of the missing 

parameters. This leads to the conclusion that the controller probably will have to be retuned 

again once all relevant parameters are available. 

 

Figure 4.2. S-ECS model layout in Dymola environment. This 

      figure is published with Saab’s approval. 



25 

 

The S-ECS model, which is shown in Figure 4.2, simulates pressure levels, temperature 

levels, mass flow and mass fractions of water, steam and dry air throughout the system. The 

Liquid Loop model, which is shown in Figure 4.3, simulates pressure levels, temperature 

levels and mass flows throughout the system. The model handles thermal inertias of 

equipment and fluids, fluid transport delays, internal heat exchange in antenna and heat 

exchanger, external heat exchange between pipes and surrounding equipment bays, as well as 
pressure variations due to g-loads. 

 
Figure 4.3: Liquid Loop model layout in Dymola environment. This  

figure is published with Saab’s approval. 
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The physical models have been exported using automatic code generation. The Dymola model 

generates a code file written in the programming language C. Closed-loop simulation is 

possible in Dymola, as well as in Simulink. The two closed-loop environments in Dymola are 

illustrated in Figure 4.4. 

 

Figure 4.4 Dymola closed-loop environment. This figure 

              is published with Saab’s approval. 
 

The exported Simulink model is shown in Figure 4.5 where one can see the available inputs to 

the right. The lower four of the inputs are valve positions. This thesis focuses on the MVInput 

(Modulating Valve Input) where the value 0 represents a closed valve and 1 represents a fully 

open valve. The other valves handle bleed air pressure reduction and a shunt valve used to 
send a stream of hot air to defrost icing in the pipes. 
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Figure 4.5 Simulink open-loop environment, exported from Dymola. 

 

4.3 Initial System Evaluation 

The need for cooling supplied to the radar is proportional to the radar's developed power. The 

radar can instantaneously switch between different modes several times per second and there 

is no way in advance to know which mode will be active next, since it depends on the current 

flight mission and surrounding environment. 

In order to study the magnitude of the change in temperature of the liquid when the radar is 

operating in different modes, a step has been applied were the developed power goes from 

minimum to maximum power. The used values are stated in [9]. For the ad hoc tuned PI 
controller implemented in the Basic model the step response is shown in Figure 4.6.  
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Figure 4.6. Step response as a maximum step was applied 

  in the developed power by the radar. 

As Figure 4.6 shows, even though a step of maximum size is applied, the magnitude of the 

change is rather small. The main reason for such a small impact on the temperature of the 

fluid is probably the radar's high thermal inertia. The radar heats the cooling fluid with such a 

low pace, that the controller is able to control the temperature to just deviate less than one 

degree from the reference value. This is interesting since the controller is simple, without any 

knowledge of the applied step of the developed power. Two other simulations have been 

made, this time with the power alternating between different modes. In the first simulation, 

the switching frequency is significantly higher compared to the second simulation as 

illustrated in Figure 4.7. The result of these simulations is shown in Figure 4.8. The radar’s 

thermal inertia is high enough to reduce the impact of fast events significantly. 

Simulations have also been made, by using the Basic model, to measure variations of the 

temperature of the liquid due to different ambient temperatures around the liquid loop. The 

results were that it had such a small affect on the temperature of the liquid that it can be 
considered as insignificant.    
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Figure 4.7. Developed power by the radar. 

 

Figure 4.8. Temperature of the liquid as it reaches the radar. 
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4.4 Test Cases for Air Cooling 

Table 4.1 shows the different cases that are studied regarding the distribution of cooling air. 

The valve 15HA is the main valve, which controls the amount of air allowed to the rest of the 

system. The other valves control the amount of cooling air distributed to separate avionic 

shelves. The boxes marked “Closed” indicate that the corresponding valves do not let any 

cooling air pass through and those marked with “50 %” allow 50 % of the desired cooling air 

to pass the valve. To clarify, it is the amount of air which is controlled, not the valve position 

as in “50 % open”. When a valve is closed, the air through valve 15HA does not spread 

equally over the avionic shelves, but depends on the location of the shelves and the 
construction of the pipes. 

Table 4.1 - The different valve configurations. 

����� ����. � ����. � ����. � ����. � ����. � ����.   ����. ¡ ����. ¢ ����. £ 

��¤¥ hIBJ9I¦ hIBJ9I¦ hIBJ9I¦ hIBJ9I¦ hIBJ9I¦ hIBJ9I¦ hIBJ9I¦ hIBJ9I¦ hIBJ9I¦ 
��§¤¥ ¨!�B h¦I>�	 ¨!�B h¦I>�	 ¨!�B h¦I>�	 ¨!�B ¨!�B ¨!�B 

���¤¥ ¨!�B ¨!�B h¦I>�	 h¦I>�	 h¦I>�	 h¦I>�	 ¨!�B 50 % 50 % 

��£¤¥ ¨!�B ¨!�B ¨!�B ¨!�B h¦I>�	 h¦I>�	 50 % ¨!�B 50 % 

 
 

The cases in Table 4.1 are divided into 4 test cases. 

4.4.1 Test Case A 

 In Test Case A, the 15HA valve allows the corresponding amount of cooling air as the 

 valve configuration in Table 4.1 results in, regardless if all avionic shelves receive a 

 sufficient amount of cooling air. To clarify, in Conf.2 - the 120HA that normally 

 provides shelf 5 with 21 g/s of cooling air valve is closed. The 15HA valve will now 
 provide the entire system with a flow of 137-21=116 g/s.  

4.4.2 Test Case B 

 Has the same setup as Test Case A, with the difference that 15HA valve is will 
 increase the flow until all avionic shelves receives a sufficient amount of cooling air. 

4.4.3 Test Case C 

 Test Case C contains all valve configurations in Table 4.1 but with lower driving 

 pressure from the environmental system. This causes a reduction by 15 % of the 

 demanded amount of cooling air through the 15HA valve. 
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4.4.4 Test Case D 

 Has the same setup as Test Case C, with the difference that 15HA valve is will 

 increase the flow until all avionic shelves receives 85% of the original demand of 

 cooling air. 
 

Table 4.2 - The amount of cooling air desired for each avionic shelf. 

ª«��� �&2 ª«��� �    ª«��� � ª«��� � ª«��� ¢/£ ®¯° � ®¯° � ®¯° � ����� ��¤¥ 
22 g/s 10 g/s 8 g/s 21 g/s 28 g/s 19 g/s 15 g/s 14 g/s 137 g/s 

 
 

Table 4.2 shows the amount of cooling air for each shelf to satisfy the cooling need of the 
avionics when all valves are fully open, according to [8]. The last column shows how much 
air that is passing through the 15HA valve.  
 
 
Table 4.3 – Affected shelf by valve ��£¤¥ ��§¤¥ ���¤¥ 

FWD 1 Shelf 5 Shelf 8/9 
FWD 2   
FWD 3   

 
Table 4.3 shows which avionic shelves each valve affects. 

4.5 Test Cases for Radar Cooling 

This section describes the different flight cases used to evaluate the controller’s performance. 

Saab’s internal technical specification document [7] has been used to secure the validity of the 
input data, such as bleed air temperature and pressure during acceleration and deceleration.  

4.5.1 Flight Case 1 – Sharp Acceleration 

Flight case 1 has been used to investigate how the cooling of the radar is affected when the 

aircraft accelerates sharply in a short period of time at a constant altitude. As the aircraft 

accelerates, the engine generates a higher thrust. The first effect is a sudden increase in bleed 

temperature and pressure. This results in a larger difference in temperature between the bleed 

air from the engine and the desired temperature. As the aircraft is gaining speed the flow of 
ram air will increase and therefore also the ram air’s efficiency to cool the bleed air. 

4.5.2 Flight Case 2 – Sharp Deceleration 

Flight case 2 has been used to investigate how the cooling of the radar is affected when the 

aircraft makes a sharp deceleration at a constant altitude. As the aircraft decelerates, the 
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engine generates a lower thrust. The first effect is a sudden decrease in bleed temperature and 

pressure. This results in a smaller difference in temperature between the bleed air from the 

engine and the desired temperature. As the aircraft slows down, the flow of the ram air 

decreases and therefore also the ram air’s efficiency to cool the bleed air. 

4.5.3 Flight Case 3 – Intense Climb 

Flight case 3 has been used to investigate how the cooling of the radar is affected when the 

aircraft makes an intense climb at constant speed. As the aircraft climbs to a higher altitude, 

the surrounding air temperature and pressure declines. Since the decrease of ram air pressure 

has larger impact than the reduced temperature of the ram air, the cooling efficiency will 
decrease. 

4.5.4 Flight Case 4 – Intense Descent 

Flight case 4 has been used to investigate how the controller performs during big changes in 

cooling performance with varying temperature and pressure of the bleed air. In this flight case 

the aircraft makes a descent at high speed with low engine thrust until it reaches a low altitude 

and suddenly makes an intense increase of the engine thrust while simultaneously performing 
a rapid turn which leads to a quick deceleration.  

As the aircraft descends to a lower altitude, the surrounding air temperature and pressure 

increase. Since the influence of the increased pressure is larger than that of the increased 

temperature, the cooling will be more efficient. 

As the aircraft turns and the engine generates a higher thrust, the first effect is a sudden 

increase in bleed temperature and pressure. This results in a larger difference in temperature 

between the bleed air from the engine and the desired temperature. This is a problematic case 

for the aircraft since the flow of the relatively hot ram air is low because of the low speed of 

the aircraft. 

4.5.5 Flight Case 5 – Noisy Measurement Signals  

Flight case 5 has been used to evaluate how well the controller can handle disturbances in the 

measurement signals. The disturbances are modeled as white noise and affect the temperature 

and the pressure measurements of the bleed air. The aircraft will perform the same flight route 
as in flight case 1 so a meaningful comparison can be done.  
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4.6 Modeling of Air Cooling System 

Saab’s software Airsta is used to determine the amount of cooling air that can be saved if an 

avionic shelf is deprived of its supply of cooling air. The result from a simulation in Airsta is 

the amount of cooling air to the avionic shelves for a specific configuration of valve positions. 

In simulation of the air cooling system Airsta uses a flow feature that ensures that choking of 
flow is taken care of properly.  

The air cooling system is divided into 31 volumes which are connected to each other by 38 

branches to form the piping system. At every one of these volumes a junction, area change or 

bend occurs which generates an extra loss of pressure except friction.  

In the input data file to Airsta a variable is specified for each volume. This variable is a 

function of mass flow, air temperature and pressure loss over the volume. All branches are 

calibrated by adjusting their effective area so each shelf obtains the correct amount of cooling 

air at the initial configuration. For the first volume, the main pipe, the mass flow and the 

temperature of the cooling air is specified. For the different cases stated in Chapter 4.4 the 

coefficient has to be recalculated for each volume, but the effective areas will only be retuned 

for the branches that contain valves. There are 9 different cases which are tested with 4 

different prerequisite conditions, so the air cooling system has to be simulated 36 times with 

unique input files to achieve the required result. The results from these simulations can be 

studied in Chapter 6.1. 

Since all requirements to use Bernoulli’s extended equation (3.5) are fulfilled, the pressure 

loss for each volume is determined using (3.6) – (3.10). These pressure losses have been 

calculated for all 36 simulations as inputs to Airsta. In literature, the pressure losses due to 

friction are often stated as ‘major pressure losses’ and the single pressure losses as ‘minor 

pressure losses’. In contrast to many applications, the single pressure losses are actually larger 

than the pressure loss that origin from friction in the air cooling system. The reason for this is 
that the pipes often change size and direction during a relatively short distance.  

According to Saab’s staff, Airsta can only provide a precision of 5 % for the calculated flow. 

In this thesis the initial flow is given and the precision of a redistribution of a given flow will 
be significantly better than 5 %, which is crucial in this thesis.  
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5 Control Algorithms 

This chapter presents the control algorithms used to control the cooling air supplied to the 

liquid through the heat exchanger. One of Saab's most crucial demands is that the controller is 

robust regarding variations caused by different ways of flying. The controller should not 

produce control signals that could result in an aborted mission or damage to surrounding 

components. This includes control signals of too big or too small magnitude as well as control 

signals which contain high frequency oscillations which could reduce the component's 
working lifetime. 

5.1 PID Controller 

The PID controller is probably the most commonly used feedback controller in the world. The 

PID controller computes the control signal fCJE as  

 fCJE � * ^�CJE F 1
#�± �C²E	² F #k 	�CJE	J

O
Z

c 
(2.1) 

 

where �CJE is the control error given by the difference between the desired and measured 

value of the quantity one wants to control, which in this case is the temperature of the liquid 

as it reaches the radar. The parameters which can be tuned are the gain *, the integral time #� 
and the derivative time #k. 

For example, the PID controller can be tuned using the Ziegler-Nichols method. In this case, a 

step is applied in the control signal as a change in the valve position and the corresponding 

step response of the liquid temperature after the heat exchanger is studied. The step response 

is shown in Figure 5.1. The step was applied when the system was in a stationary mode.  
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Figure 5.1. Step response. 

 

The PID parameters are determined by calculating the gradient ³ � / W⁄  of the tangent of the 

step response maximum slope. For PID tuning by using the Ziegler-Nichols method, the PID 

parameters are chosen as illustrated in Table 5.1 [5]. 

     

Table 5.1 – PID parameters   

hIBJ9I¦¦�9 *  #�   #k 

 .  1 C³WE⁄    

 . v 0.9 C³WE⁄  3W  

 . v] 1.2 C³WE⁄  2W W 2⁄  

 

The PID controller had no increased performance compared to a PI controller and to not waste 

any unnecessary extra computer resources the PI controller was chosen. The implemented PI 
controller compensates for the common negative effect of “integral windup”.  

Integral windup occurs when the control signal is saturated, often due to a large control error 

for a long time. The integral term of the PID/PI controller then accumulates into a large value 

before the control error is small again. A significant overshoot is often the result of integral 

windup because of the large integral term, which is now forcing the control signal in the 
wrong direction and this leads to an increased time of convergence. 
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5.2 Feed-Forward Control 

Feed-forward control is a control method which cooperates well with other controllers, in this 

case a PI controller. By studying how the aircraft’s different ways of flying affect the cooling 

system one can use the knowledge to design a better controller. In this case, the feed-forward 

filter use the available measurement signals: Mach speed, current altitude, bleed temperature 
and developed power by the radar as illustrated in Figure 5.2.  

These signals were chosen after investigations about their influence on the cooling efficiency, 
but there is no problem to use other signals as well. 

 

Figure 5.2. The system with the PI controller and the feed-forward filter. 
 

There is an advantage to let the PI controller handle all the valve controlling. If the feed-

forward is poorly implemented there is a risk that the feed-forward signal and the PI controller 

will counter each other and generate less than good control signals, which would be hard to 

detect. This feed-forward filter generates a signal which is added or subtracted to the PI 

controller’s reference signal. Since safety is very important to Saab, all generated signals are 

saturated and low-pass filtered in order not to harm any equipment in the system. 
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Figure 5.3. The feed-forward filter. 

As illustrated in Figure 5.3 the feed-forward filter compares the measured signal with its value 

a short time ago. If this difference is larger than a threshold value, the temperature gradient of 

the cooled bleed air will be too high for the PI controller to handle without losing desired 

precision. In that case, the feed-forward filter generates a signal to the PI controller. 

In the next stage, the feed-forward filter selects the signals which have a similar effect on the 

bleed air temperature. These signals are thereafter weighted separately, by magnitude, time 

constant and by the elapsed time until the bleed temperature will be affected. These signals 

are merged to a signal which is either added or subtracted to the PI controller’s reference 

signal. For instance: if the temperature of the bleed air suddenly increases, the heat 

exchanger’s cooling efficiency will be reduced. The feed-forward filter will calculate how 

much, and when, the PI controller has to compensate for the loss of cooling efficiency to 
minimize the effect of the disturbance. 

Finally, the signal is saturated and filtered to avoid too rapid oscillations which could harm 

the used equipment. By using the feed-forward filter the controller will then adjust the valve 

position in advance, to compensate for the change of temperature of the cooling air entering 

the heat exchanger. The results of the simulations with the feed-forward filter can be studied 
in Chapter 6.2. 
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5.3 Considered But Not Implemented Control 

Algorithms 

This subchapter contains evaluated but not implemented control algorithms.  

5.3.1 MPC 

Model predictive control (MPC) is a commonly used control algorithm which uses a model to 

predict interesting output signals from a system as a function of future control signals [2]. At 

every sample the MPC controller calculates the solution to an optimization problem which 

e.g. can contain a maximization of the output signal as well as a minimization of the control 

signal. Although the MPC controller computes a series of control signals at each sample only 

the first one is used, then the MPC controller solves the optimization problem again and 

computes a new set of control signals and so on. The MPC controller often uses a specified 
period of time, or a number of samples, to set how far the prediction will apply. 

The rapid changes of the air temperature through the heat exchanger due to aircraft 

accelerations or altitude changes are shown to be the single biggest challenge. Since one 

cannot know what the pilot decides to do next these issues cannot be compensated for using 

an MPC controller and considering how well the PI controller with feed-forward filter 

performed it is not justified to use the aircraft's system computer as much as it would be 
necessary to solve the MPC optimality condition at every sample.   

5.3.2 Smith Predictor 

Feedback control with a significant time delay in the system often leads to instability [5].  

A Smith predictor uses a model of the system dynamics with a time delay in an inner 

feedback loop. Using this design one can now tune the controller without dealing with the 
effects caused by the system’s time delay. 

Since it takes a substantial period of time between the cooling of the fluid in the heat 

exchanger and the moment when the fluid reaches the radar, a Smith predictor could be tested 

for facilitating regulation of time delays. But after the basic model was realized one could see 

that the time delays were having a small impact on the speed of regulation. The more 

dominant factor proved to be the radar thermal inertia. In fact, the time delays were so small 

that an implementation of a Smith predictor seemed rather pointless and it was decided that no 
time would be spent on this. 
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5.3.3 Cascade Control 

Cascade control is based on dividing the system into several subsystems, each with one 

controller which output is another subsystems setpoint as illustrated in Figure 5.4. By using 

this design one can suppress disturbances in measurement signals in a subprocess. 
 

 

Figure 5.4. Design of a system with cascade control. 

 

Since the quality of measurement signals was not the focus in this thesis a cascade control 

was not implemented, although several measurement signals were used in the feed-forward 
controller.  

An inner loop is a crucial part of the cascade control structure. In this thesis there was no 

available measurement signal which could enable a useful inner loop, to ensure a successful 

cascade control structure. For instance if the temperature of the bleed air was dependent on 

the control valve, this could be a useful relationship to use in a cascade control structure. But 

since this thesis focuses on controlling the amount of cooling air supplied to the heat 

exchanger, the feed-forward design is superior because of its ability to adjust the amount of 

cooling air supplied to the heat exchanger in advance. For example, this can be useful if there 

is a sudden change in the temperature of the bleed air. 
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6 Results 

This chapter presents the results of this thesis. 

6.1 Air Cooling 

This section presents the results for the air cooling part of the thesis. The first part presents the 

results for the simulations where 100 % of the required flow is available and the second part 

presents the results where 85 % of the required flow is available. 

6.1.1 Test Case A, 100 % of the Required Flow is Available 

Table 6.1 shows the amount of cooling air each avionic shelf is supplied with in each of the 
configurations stated in Table 4.1. The red fields represent that the avionic shelf is not 
supplied with the necessary amount of cooling air. In Test Case A, 100 % of the required flow 
is available. The prerequisite condition for Test A can be studied in Section 4.4.1. 
 

Table 6.1 – Result of Test A. ª«��� ����. � ����. � ����. � ����. � ����. � ����.   ����. ¡ ����. ¢ ����. £ 

ª«��� �&�    22 21,7 21,7 21,9 18,3 16,7 21 21,9 19,6 

ª«��� �    10 9,8 9,8 9,9 19,1 17,4 18 9,9 15,8 

ª«��� �    8 8,1 8,2 8,3 6,4 5,9 7,4 8,1 7 

ª«��� �    21 0 22,1 0 17,2 0 19,2 21,7 18,7 

ª«��� ¢/£    28 29,1 0 0 0 0 25,6 13,9 14 

®¯° �    19 18,7 18,7 18,9 0 0 8,6 18,8 9,5 

®¯° �    15 14,8 14,8 14,9 0 0 6,8 14,9 7,5 

®¯° �    14 13,8 13,8 13,9 0 0 6,4 13,9 7 

����� ��¤¥    137 116 109 88 61 40 113 123 99 

 
Notice that if the valve 121HA is fully closed, as in configuration 3, the flow of cooling air to  
the shelves 4 and 5 increases and the cooling air flow to the other shelves decreases. This is 
the expected behavior since the cooling air to shelf 4 and 5 is transported in the same pipe as 
the cooling air which is used in the cooling of the avionics in shelf 8/9.  
 
The same behavior can be seen as the valve 119HA is closed. This time it is the cooling air 
flow to shelf 3, which is closest upstream to the FWD1-3 shelves, which increases the most. 
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Table 6.2 shows the total amount of saved cooling air (g/s) when each valve is configured 
according to Table 4.1. No air is saved in configuration 1 because all valves are fully opened.  
 
Table 6.2. Total amount of saved air for Test Case A. ����.  ����. � ����. � ����. � ����. � ����. � ����.   ����. ¡ ����. ¢ ����. £ 

´/µ    - 21 28 49 76 97 24 14 38 
 

6.1.2 Test Case B, 100 % of the Required Flow is Available 

Table 6.3 shows the amount of cooling air each avionic shelf is supplied with for Test Case B. 
The valve 15HA adjust the amount of air until all devices receive a necessary amount of 
cooling air. The prerequisite condition for Test B can be studied in Section 4.4.2. 
 
 

Table 6.3 - Result of Test Case B. ª«��� ����. � ����. � ����. � ����. � ����. � ����.   ����. ¡ ����. ¢ ����. £ 

ª«��� �&�    22 22,1 22,1 22,2 23,4 23 23,1 22 22,4 

ª«��� �    10 10 10 10 24,2 24 19,8 10 18,1 

ª«��� �    8 8,2 8,3 8,4 8 8 8 8,2 8 

ª«��� �    21 0 22,5 0 21,6 0 21 21,9 21,3 

ª«��� ¢/£    28 29,6 0 0 0 0 28 14 15,9 

®¯° �    19 19 19 19,1 0 0 9,5 19 10,9 

®¯° �    15 15 15 15,1 0 0 7,5 15 8,6 

®¯° �    14 14 14 14,1 0 0 7 14 8 

����� ��¤¥    137 118 111 89 77 55 124 124 113 

 
 

The ideal scenario would be if the same amount of air which is saved, when an avionic shelf 
is deprived of its supply of cooling, could be reduced through the main valve 15HA. But since 
there is no complete regulation of the cooling air to every single avionic device, the ideal 
scenario will never occur. 
 
The first row in Table 6.4 shows the amount of air which was saved compared to the ideal 
case, when all avionics shelves received the desired amount of air. The second row shows the 
corresponding amount of cooling air which has to be added to secure the required demand of 
cooling air to all avionic shelves. No air is saved in configuration 1 because all valves are 
fully opened. 
 

Table 6.4. Amount of air which is saved compared to the ideal case for Test Case B. ����.  ����. � ����. � ����. � ����. �  ����. � ����.   ����. ¡ ����. ¢ ����. £ 

Saved % - 90,5 92,9 98,0 79,0 84,5 54,2 92,9 63,2 
´/µ    - 2 2 1 16 15 9 1 14 
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6.1.3 Test Case C, 85 % of the Required Flow is Available 

Table 6.5 shows the amount of cooling air each avionic shelf is supplied with in each of the 
cases stated in Table 2.1, when only 85 % of required amount of cooling air available to pass 
through the 15HA valve. The red fields represent that the avionic shelf is supplied with less 
than 85 % of their initial amount of cooling air. The prerequisite condition for Test C can be 
studied in Section 4.4.3. 

 

 
Table 6.5 - Result of Test Case C. ª«��� ����. � ����. � ����. � ����. �  ����. � ����.   ����. ¡ ����. ¢ ����. £ 

ª«��� �&�    18 17,8 17,8 18 15,1 13,8 17,3 17,9 16 

ª«��� �    8,6 8,5 8,5 8,6 16,4 15 15,4 8,5 13,5 

ª«��� �    6,9 7 7 7,2 5,5 5,1 6,3 7 6,1 

ª«��� �    18 0 19 0 14,8 0 16,5 18,6 16 

ª«��� ¢/£    23,8 24,8 0 0 0 0 21,8 11,7 12 

®¯° �    16,4 16,2 16,2 16,4 0 0 7,5 16,3 8,2 

®¯° �    12,9 12,7 12,7 12,9 0 0 5,9 12,8 6,5 

®¯° �    11,8 11,6 11,6 11,7 0 0 5,4 11,9 5,9 

����� ��¤¥    116,5 98,6 92,7 74,8 51,9 34 96,1 104,6 84,2 

 
 
Table 6.6 shows the amount of saved cooling air (g/s) compared to the flow when only 85 % 
of required amount of cooling air available to pass through the 15HA valve. No air is saved in 
configuration 1 because all valves are fully opened.  
 

Table 6.6. Total amount of saved air for Test Case C. ����.  ����. � ����. � ����. � ����. �  ����. � ����.   ����. ¡ ����. ¢ ����. £ 

´/µ    - 17,9 23,8 41,7 64,6 82,6 20,4 11,9 32,3 
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6.1.4 Test Case D, 85 % of the Required Flow is Available 

Table 6.7 shows the amount of cooling air each avionic shelf is supplied with, when all 
devices receive at least 85 % of their initially required amount of cooling air. The prerequisite 
condition for Test D can be studied in Section 4.4.4. 
 
 

Table 6.7 - Result of Test Case D.  

ª«��� ����. � ����. � ����. � ����. �  ����. � ����.   ����. ¡ ����. ¢ ����. £ 

ª«��� �&�    18 18,1 18,1 18,2 19,1 19,1 19 18 18,3 

ª«��� �    8,6 8,6 8,6 8,7 20,7 20,7 16,9 8,6 15,4 

ª«��� �    6,9 7,1 7,2 7,3 6,9 7 6,9 7 6,9 

ª«��� �    18 0 19,3 0 18,7 0 18 18,7 18,2 

ª«��� ¢/£    23,8 25,3 0 0 0 0 23,9 12 13,7 

®¯° �    16,4 16,5 16,5 16,6 0 0 8,3 16,4 9,4 

®¯° �    12,9 12,9 12,9 13 0 0 6,5 12,9 7,4 

®¯° �    11,8 11,8 11,8 11,9 0 0 5,9 11,8 6,8 

����� ��¤¥    116,5 100,3 94,4 75,7 65,5 46,8 105,4 105,4 96,1 

 

The first row in Table 6.8 shows the amount of air which was saved compared to the ideal 

case, when all avionics shelves receives at least 85 % of the desired amount of air. The second 

row shows the corresponding amount of cooling air which has to be added to at least secure 

85 % of the required demand of cooling air to all avionic shelves. No air is saved in 
configuration 1 because all valves are fully opened. 

Table 6.8  Amount of air which is saved compared to the ideal case for Test Case D.  ����.  ����. � ����. � ����. � ����. �  ����. � ����.   ����. ¡ ����. ¢ ����. £ 

Saved % - 90,5 92,8 97,8 78,9 84,4 54,4 93,3 63,2 

´/µ    - 1,7 1,7 0,9 13,6 12,8 9,3 0,8 11,9 

 

When a sufficient amount of cooling air is available to pass through the 15HA valve, as in 

Test Cases A & B, the considered valves save 14 to 97 g/s of cooling air for the different 

valve positions studied in this thesis. When 85 % of required amount of cooling air is 

available to pass through the 15HA valve, as in Test Cases C & D, the considered valves 

saves 11.9 to 82.6 g/s of cooling air for the different valve positions studied in this thesis. 

Since the production of cooling air is a costly process for the aircraft, the use of all 3 valves is 

recommended. More conclusions regarded the air cooling part of the thesis are presented in 
Section 7.1.1. 
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6.2 Radar Cooling 

This section presents the results for the different flight cases which have been used to evaluate 
the performance of the feed-forward controller. 

6.2.1 Flight Case 1 – Sharp Acceleration 

As expected in Flight Case 1, the cooling efficiency decreases during the first part of the 

acceleration of the aircraft as a result of a sudden increase in bleed temperature. But as the 

aircraft gains speed a larger flow of ram air is used to cool down the bleed air and the cooling 

efficiency increases drastically. As seen in Figure 6.1, the PI controller has trouble handling 

the rapid increase of cooling efficiency and the temperature of the liquid as it reaches the 

radar decreases with a high slope to approximately 21.5°C. Although the PI controller passes 

the +25 ± 5°C requirement the temperature gradient is too high. As illustrated in Figure 6.1, 

the PI controller with feed-forward on the other hand keeps the temperature within +25 ± 1°C 

and clearly passes the temperature gradient requirement as well. Notice the significant time 

between the beginning of the acceleration of the aircraft and the effect of the temperature of 

the liquid. This is one of the conditions which allows the feed-forward approach to be so 

successful. 

 

Figure 6.1. Temperature of the liquid in Flight case 1. 
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The generated feed-forward signal is shown in Figure 6.2 with the corresponding control 

signal to the left. At maximum, the feed-forward signal forced the controller to keep the 

temperature of the liquid approximately 3°C higher than the standard set point demands. 

Since the state after the acceleration demands less cooling, the valve does not let as much 

cooling air through to the heat exchanger as before the acceleration. This is seen in the left 

graph in Figure 6.2 where the filled curve initially is lower than the dashed line. 
 

 

Figure 6.2. Control signals with corresponding feed-forward signal in Flight case 1. 

 

6.2.2 Flight Case 2 – Sharp Deceleration 

In Flight case 2, both the PI controller and the PI controller with feed-forward pass the 

temperature and the temperature gradient requirement. As illustrated in Figure 6.3, the PI 

controller with feed-forward is able to keep the temperature closer to the set point than the 

PI controller without feed-forward.  

This is the only test case were the convergence time is longer with the feed-forward than 

without. This is caused by a design decision when creating the feed-forward signals. The 

feed-forward filter could be used to decrease the convergence time at all cost, but the result of 

discussions with Saab’s experts concluded that it is more important to minimize the deviation 

of the liquid temperature. So the high performance of minimizing the temperature deviation 

sometimes comes at the expense of a higher convergence time.  

The feed-forward filter generates at first a positive value to compensate for the decrease of 

temperature of the bleed air. As the aircraft slows down, the feed-forward generates a 

negative value to compensate for the decreased flow of ram air as seen to the right in Figure 
6.4. 
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Figure 6.3. Temperature of the liquid in Flight case 2. 

 

Since the state after the deceleration demands more cooling, the valve increases the amount of 
cooling air through to the heat exchanger, as seen to the left in Figure 6.4.  

 

Figure 6.4. Control signals with corresponding feed-forward signal in Flight case 2. 
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6.2.3 Flight Case 3 – Intense Climb 

In Flight Case 3, both the PI controller and the PI controller with feed-forward can easily pass 

both the temperature interval and gradient requirement. As illustrated in Figure 6.3, the PI 

controller with feed-forward is able to keep the temperature closer to the set point than the  

PI controller without feed-forward. There is an uncertainty why the cooling efficiency 

increases as the aircraft climbs; it seems as the decreased temperature has more influence than 

the pressure loss of the ambient air at low altitudes. As the aircraft climbs over approximately 

3000 m this correlation switches to the situation described in Section 4.4.3. Notice the 

significant time between the beginning of the acceleration of the aircraft and the effect of the 

temperature of the liquid. This is one of the conditions which allows the feed-forward 

approach to be so successful.  

   

Figure 6.5. Temperature of the liquid in Flight case 3. 

 

Since the PI controller keeps the temperature within +25 ± 0.5°C and the PI controller with 

feed-forward within +25 ± 0.2°C, there is no risk that the controller is unable to pass any of 

the requirements. But further studies of the exported model has to be made to ensure its 

correctness regarding variations in altitude. This will be discussed further in Chapter 7.  

 

As illustrated in Figure 6.6, the change of altitude has so small influence on the cooling 
efficiency that the generated feed-forward signal is less than 0.5°C.  
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Figure 6.6. Control signals with corresponding feed-forward signal in Flight case 3. 
 

6.2.4 Flight Case 4 – Intense Descent 

As illustrated in Figure 6.7, the PI controller is able to keep the temperature of the liquid as it 

reaches the radar within the allowed interval for Flight case 4, although it fails the 

requirement regarding the temperature gradient. The PI controller with the feed-forward filter 

is not only able to keep the fluid temperature closer to +25 °C compared with the PI controller 

without the feed-forward filter; it also keeps the temperature gradient within the permitted 
values.  

 

Figure 6.7. Temperature of the liquid in Flight case 4. 
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To the left in Figure 6.8 one can see that the control valve is letting more air though as the 

cooling demand increases. To the right one can see the feed-forward signal. The first dip is 

generated by the change of altitude and rest is compensation for the decrease of speed and the 
increased bleed temperature.  

  

Figure 6.8. Control signals with corresponding feed-forward signal in Flight case 4. 
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6.2.5 Flight Case 5 – Noisy Measurement Signals 

Flight case 5 is equal to flight case 1, but with noise applied to the measurement signals. As 

illustrated in Figure 6.9 the controller has lower performance when the measurement signals 

are affected by a disturbance. Although the variance of the white noise applied to the signals 

was high, about 10 % of the measurement signals’ magnitude, the controller has only a small 

decrease in performance. The temperature is not as close to +25 °C and the convergence time 

is longer but there is no risk of not passing the control-related requirements.  
 

 

Figure 6.9. Temperature of the liquid in Flight case 5. 

As the aircraft accelerates the temperature of the bleed air increases rapidly as illustrated in 

Figure 6.10. The data which was used in Flight case 1 is to the left without disturbances and 

the data used in Flight case 5 can be seen to the right. The variance of the applied noise was 

about 10 % of the measurement signals’ magnitude for the temperature as well as the pressure 
of the bleed air, see Figure 6.10 and 6.11. 
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Figure 6.10. Temperature of the bleed air, with disturbances to the right in Flight case 5.  
 

As the aircraft accelerates the pressure of the bleed air increases drastically as illustrated in 

Figure 6.11. The data which was used in flight case 1 is to the left without disturbances and 

the data used in flight case 5 can be seen to the right. 
 

 

Figure 6.11. Pressure of the bleed air, with disturbances to the right in Flight case 5. 
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Although the measurement signals were noisy, the control signal did not oscillate as 

illustrated in Figure 6.12. There, one can see the difference between the control signals for 

each flight case and both curves show the control signal with the PI-controller with feed-

forward. 

 

Figure 6.12. Control signals from Flight case 1 and 5. 

 

Instead, the different flight modes of the aircraft turned out to be the most challenging issue 

since the temperature of the cooled bleed air varies a lot in short time intervals.  

A tuned PI controller, tuned by Ziegler-Nichols method, with feed-forward filter succeeded in 

controlling the temperature of the liquid as it reached the radar within +25 ± 1° C for all test 

cases. The temperature gradient requirement, 0.5° C per second, was also passed for all flight 

cases with the PI controller with feed-forward filter. This controller has a short convergence 

time and no static error. It also performs well when the measurement signals contain a lot of 

noise because of the controllers integrated low pass filter. More conclusions regarded the 
radar cooling part of the thesis are presented Section 7.1.2. 
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7 Concluding Remarks 

This chapter presents some concluding remarks and topics for future work. 

7.1 Conclusions 

7.1.1 Air Cooling 

The results achieved regarding the air cooling seem to be realistic and are decisive enough to 

draw conclusions from. Airsta can only provide a precision of 5 % for the calculated flow. 

But redistributions in an existing flow can be calculated with higher accuracy, which is crucial 

for this part of the thesis. The results from this thesis are guidelines for the design of the new 
cooling system and the exact values will be available first when the actual hardware is tested.  

The single pressure losses are actually larger than the pressure losses due to friction through 
the pipes. All air flows through the pipes can be regarded as turbulent flows. 

When a sufficient amount of cooling air is available to pass through the 15HA valve, the 

considered valves save 14 to 97 g/s of cooling air for the different valve positions studied in 

Test Case A, see Table 6.2. When only 85 % of required amount of cooling air is available to 

pass through the 15HA valve, the considered valves save 11.9 to 82.6 g/s of cooling air for the 
different valve positions studied in Test Case C, see Table 6.6. 

The ideal scenario would be if the same amount of air which is saved, when an avionic shelf 

is deprived of its supply of cooling, could be reduced through the main valve 15HA. But since 

there is no complete regulation of the cooling air to every single avionic device, the ideal 

scenario will never occur.  

When closed, both valve 120HA and 121HA save a very high percentage of cooling air 

comparing to the ideal case. In those valve configurations where 120HA or 121HA is the only 

valve involved, the percentage is within the interval 90.5 – 98 %, see Table 6.4 for Test Case 

B and Table 6.8 for Test Case D. Valve 119HA is not as efficient when it comes to save 

cooling air compared to the ideal case. In those valve configurations where the valve 119HA 

is involved the percentage is within the interval 54.2 – 84.5 %, see Table 6.4. The case where 

the least percentage (54.2 %) of cooling air is saved is valve configuration 7, where only the 
valve 119HA is used. 

Since the production of cooling air is a costly process for the aircraft, the use of all three 

valves is recommended. Even though the 119HA valve does not have the same performance 

as the other valves it controls a large amount of cooling air which can be saved if needed.  
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7.1.2 Radar Cooling 

The thermal inertia has a huge impact on the control related challenges. However, initially the 

fast changes between different power developing modes of the radar were thought to be 

a significant problem. But since the radar has such large thermal inertia, the power changes 

were swiftly compensated by the controller. The ambient temperature around the liquid loop 

had such a small affect on the temperature of the liquid that it can be considered as 

insignificant. The time delays in the system were also considered to be one of the toughest 

challenges but did not cause any major control related problems.  

Instead the different flight modes of the aircraft turned out to be the most challenging issue 

since the temperature of the cooled bleed air varies a lot in short time intervals. A rapid 

change of temperature of the bleed air and Mach speed had the greatest influence on the 

cooling efficiency, while changes in altitude, developed effect of the radar and pressure of the 

bleed air had a small effect on the cooling efficiency. 

A PI controller with feed-forward filter succeeded in controlling the temperature of the liquid 

as it reached the radar within +25 ± 1° C. The temperature gradient requirement, 0.5° C per 
second, was also passed in all flight cases, see figures in Section 6.2.  

During all tested flight cases, the valve position was within its valid area of operation. For 

safety reasons, additional tests were performed with satisfactory results. These tests included 

flight envelopes which were not included in the flight tests to secure that there were no 

unexpended errors. 

The PI controller with feed-forward has a short convergence time and no static error. It also 

performs well when the measurement signals contain a lot of noise because of the controllers 

integrated low pass filter. The Ziegler-Nichols method resulted in decent PI parameters but 

for further optimization, manual tuning was performed by evaluating small adjustments of the 
derived parameters. 

The Smith predictor controller was not implemented since the time delays in the system did 

not create any control related challenges. Furthermore, the MPC controller requires too much 

resources from the aircraft’s system computer to justify its performance. Since the largest 

problems came from sudden changes in the measurement signals, the MPC controller would 

just be implemented as a highly resource consuming feed-forward filter. The Cascade 

controller was not chosen, since there was no available measurement signal to enable a useful 
inner loop and because the inner system’s disturbances were not the focus of this thesis. 
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7.2 Future Work 

7.2.1 Air Cooling 

As more tests regarding the pressure loss over avionics are made, the accuracy of the 

simulations made in Airsta will become better. If the pressure losses over avionics differ 

much from the estimated values, some Airsta simulations may need to be rerun. 

The affect of too much cooling to certain avionics has to be studied as for example Shelf 3 

receives more than the double amount of cooling air that is required in Cases 5 and 6. The 

priority order regarding which avionic shelf to shut down first needs to be studied, as well as 
the effect the closing of different valves has on the aircraft’s functionality or current mission. 

Studies should be performed to investigate if some devices have signals that can be used for 

feedback control, regarding the amount of cooling air which has to be supplied to the specific 

device. For instance, this could be a device with a measured developed power. The measured 
power could be used to calculate its current heating and thus the required cooling capacity. 

7.2.2 Radar Cooling 

The thermal properties of the radar need to be tested to ensure that the required cooling 

demand can be satisfied. The control valve’s characteristics need to be modeled since there 

are no specified values concerning the control valve’s behavior for phenomena due to 

backlash, offset errors and non-linearity. The advanced model cannot yet handle fast 

variations of certain input data and the effect regarding the cooling efficiency during changes 

in altitude needs to be investigated. 

The feed-forward approach can easily be modified if there are measurement signals with 

influence on the cooling efficiency which are not studied in this thesis, such as the aircraft’s 

angle of attack or different g-loads. More flight cases at new locations which have different 

temperatures and humidity of the air should be studied. Different weights of the aircraft 
should also be studied to get a more complete model of the varying cooling efficiency.  

Studies of how the cooling of the radar is affected when the aircraft is operating in a degraded 

mode should be done. 
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8 Nomenclature 

This chapter presents the nomenclature used in this thesis. 
8.1 Air Cooling 

���� � density of air 
� � �low velocity 

	 � inner diameter of the pipe 
W � length of the pipe 


 � dynamic viscosity 
! � absolute pressure 
� � speci�ic gas constant 

#��� � air temperature 
m7 ·�¸ � /{9 5/>> ¹¦IN 

9 � inner radius of the pipe  
2 � gravitational acceleration  
G � height 

∆!M � pressure loss between the points 
NO � the speci�ic work between the points 
V � friction coef�icient 
\ � single pressure loss coef�icient 

8.2 Radar Cooling 

z � heat transfer coef�icient 
a � effective area between the radar and the �luid 
|7 � heat transfer rate 

 #��k�� � temperature of the radar 
 #MUl�k �R ��k�� � temperature of the �luid as it reaches the radar 
 #MUl�k QlO ��k�� � temperature of the �luid as it leaves the radar 
 #MUl�k �mi��RO � the increased temperature of the �luid due to ambient heating  
 #MUl�k �R �� � temperature of the �luid as it enters the heat exchanger 
 #MUl�k QlO �� � temperature of the �luid as it leaves the heat exchanger 

m7 �luid � mass �low of the �luid m7 air � mass �low of the air 
 h� MUl�k � heat capacity of the �luid 

 h� ��� � heat capacity of the air 
 h� ��k�� � heat capacity of the radar 
 5��k�� � effective mass of the radar 

                 Jk�U�� � time delay  
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