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Abstract - This work presents modeling of two- phase flow heat exchangers to be used in modeling of NASA’s next-
generation aircraft (N3- X). The heat exchanger model currently accommodates two working fluids; kerosene (jet fuel) and a 
refrigerant (R134a). The primary goal is to obtain a dynamic, robust model by using numerical simulation tools (MATLAB/ 
SIMULINK) which can simulate the system efficiently and would be used in the conceptual aircraft (N3-X) model. The final 
goal is to investigate the influence of pressure perturbation on the system. In other words, how quickly this system responds 
to change to perturbations, therefore the model will be transient. For this analysis, a sample time of 0.000001 seconds was 
used. Since, changing pressure suddenly from the higher value (650 kPa) to the lower value (555 kPa) is not a real, physical 
scenario in life, the pressure change with transfer function would be employed to transform the system into a first-order 
system with two different time constants. Eventually, the time constant of the system plays a significant role in obtaining a 
quicker response. 
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I. NOMENCLATURE 

BWB:  Blended Wing Body 
HTS:      High Temperature Superconductors 
HWB:  Hybrid Wing Body 
N3-X:  NASA Next Generation Aircraft 
PHE:  Plate Heat Exchanger 
OSF: Offset Strip fin heat exchanger 
NASA: National Aeronautics and Space 
Administration 
s:  Transverse spacing (free flow 
width), mm 
h:  Free flow height, mm 
t:  Fin thickness, mm 
l:  Fin length, mm 
tf :      Plate thickness, mm 
L:  Heat exchanger length, mm 
α:  푠 ℎ⁄  ratio 
δ:  푡 푙⁄  ratio 
γ:  푡 푠⁄  ratio 
퐴 :  Cross sectional area, 푚  
퐴 :  Surface area, 푚  
f:  Fanning friction factor, 
dimensionless 
Re:  Reynolds number, dimensionless 
Pr:  Prandtl number, dimensionless 
Nu:  Nusselt number, dimensionless 
μ :  Dynamic viscosity, pa- sec 
cp :  Specific heat at constant 
pressure, j/kg-k 
cv:  Specific heat at constant volume, 
j/kg-k 
k:  Thermal conductivity, w/m-k 
ṁ:  Mass flow rate, kg/sec 
퐷 :  Hydraulic diameter, m 
ℎ:  Convective heat transfer 
coefficient, w/푚 -k 

Co:  Convective number, 
dimensionless 
Bo:  Boiling number, dimensionless 
퐹 :  Fluid dependent parameter  
푟ℎ표:  Density, kg/푚  
x:  Quality, dimensionless 
푞′′:  Heat transfer per unit area, w/푚  
G:  Mass flux, kg/푚 - sec 
h:  Specific enthalpy, j/kg 
푢:  Internal energy, j/kg 
푝:  Pressure, pa 
푣:  Specific volume, 푚 /kg 
Q̇:  Heat transfer rate, w/sec 
Subscripts  
m:   Average value for the two-phase            
mixture      
wall  Fluid near the wall 
푙:  Liquid phase  
퐺:      Gas phase  
푇푃:     Two- phase  
퐻푋:  Heat exchanger  
푐:  Cold side 
ℎ:  Hot side 
푖푛:  Inlet 
표푢푡:  Outlet 
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II. INTRODUCTION 
 
There has been and continues noticeable increases in 
aviation demands over several decades [1-3]. The 
increased number of flights results in the amount of 
hydrocarbon fuels burned increasing as well. The 
hydrocarbon- fossil fuels worldwide are a limited 
resource. Typically, fossil fuel becomes more 
expensive day by day [1]. From another perspective, 
the global concerns are rising regarding the 
environment, less pollution (i.e., the greenhouse gases 
emissions). Therefore, NASA has proposed a new 
generation of aircraft (N3-X) to address these various 
issues. The main features of this aircraft are a 
significant departure from conventional aircraft. The 
existing baseline aircraft used by NASA is the Boeing 
777-200LR [1,2]. NASA has proposed a commercial 
subsonic aircraft working completely by electric 
power to obtain the desired performance goals. In 
addition, they propose a hybrid wing body (HWB) or 
blended wing body (BWB) with distributed 
propulsion system [3] . These advancements are on 
the external shape level. Internally, they will make 
use of high temperature superconductor (HTS) 
technology to substantially improve the usage of the 
electric power generated [4]. The electric power 
comes from two wingtip turbo generators and passes 
through HTS transmission cables. The various goals 
of this conceptual aircraft are to address noise, fuel 
consumption, pollution, and mission length [5][4]. 
The need to provide the thermal loads required for 
superconductor operation has led to the need for a 
two-phase heat exchanger. Offset strip- fin PHE will 
be used because of their compactness, lightweight, 
and high heat transfer rate which match aerospace 
industry needs [6][7][8][9][10]. In engineering, two- 
phase heat exchanger is one of most wide spread 
pieces of equipment used in industry. It is used in oil 
refineries, food processing, and cooling/ refrigeration 

applications [7] [16]. The geometry of heat 
exchangers varies depending on the use and types of 
fluids for the heat exchange. A high percentage of 
heat exchangers used in different industries work 
with a two- phase flow [11]. Therefore, providing an 
essential need to clearly understand phase change 
through heat exchangers [12]. In this work, we 
present a two-phase flow heat exchanger model and 
we investigate the influence of pressure perturbation 
on the model. 
 
III. MATHEMATICAL MODELING 
 
A physics based model of a two-phase flow heat 
exchanger is developed. The model is developed in 
the MATLAB/Simulink software environment. The 
main characteristics of this model are as follows:  
• One dimensional flow  
• Indirect contact type (not mixing) 
• Two fluids used; kerosene/ jet fuel (cold 
side) and R134a (hot side) 
• Compact surface (β ≥ 700m2 / m3) 
• Extended surface (plate fin) heat exchangers  
• Single pass (counter flow) 
• Single- phase convection for kerosene and 
two-phase convection for R134a 
• Process function is as condensers 
 
A basic diagram of the heat exchanger model is 
shown in Figure 1. The model uses one node to 
model the flow from inlet to the exit of each fluid. 
Table 1 lists the mass flow rate and temperature of 
the two fluids used in this work. The assumptions 
made in this model are:  
a- Adiabatic system (heat in and heat out are 
zero) 
b- Kinetic and potential energy are negligible  
c- Linear interpolation between pressure lines 
inside the dome 

 
Figure 1: Mass flow rate and temperature for both sides 

 
Table 1: Mass flow rate and temperature for both sides 

 
Basically, the models of subsystems are as follows: 
Cold Subsystem Balance 
This subsystem simply takes care of the kerosene 
analysis. In general, it is made up of a subsystem to  

 
calculate the fanning friction factor, and a subsystem 
to calculate the energy balance analysis. For this 
purpose, Manglik and Bergles correlations are used 
with the following equations [13]. 
푓 = 9.6243 푅푒 .  ∗ 훼 . ∗ 훿 . ∗
훾 . ∗
(1 + 7.669 ∗  10 푅푒 . 훼 . 훿 . 훾 . ) . (1) 
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퐷 =
4푠ℎ푙

2(푠푙 + ℎ푙 + 푡ℎ) + 푡푠 (2) 

Re =
ṁ퐷
휇 퐴  (3) 

Pr =
μ  cp

k  (4) 
Applying an energy balance for the kerosene will 
allow the outlet temperature to be calculated, utilizing 
the following equations: 

dE
dt =   Q̇ +  ṁ(ℎ −  ℎ ) (5) 

dE
dt =  m  cv

dT
dt  (6) 

The time rate of change of energy (dE/dt ) equals the 
time rate of change in internal energy only because 
the kinetic and potential energy are negligible. By 
integrating the dT/dt term, the outlet kerosene 
temperature is determined. 
 
Hot Subsystem Balance 
The hot fluid, R134a, model is now presented. The 
following parameters are calculated using the same 
equations as the cold subsystem: the fanning friction 
factor, the hydraulic diameter, and the energy balance 
models use the same equations as the cold subsystem 
balance. However, the outcome of the energy balance 
is the internal energy not the temperature. Using the 
thermodynamic definition of enthalpy (7), the model 
formulated an enthalpy- based model. 

 (7) 
Many different pressure lines are selected to 
approximate the thermodynamic properties. Even 
though various pressure lines have been taken to 
diminish errors. The latter still exist because the 
assumption of a linear interpolation is still valid. In 
addition, some thermodynamic properties cannot be 
determined directly inside the dome. Dynamic 
viscosity, specific heat, and thermal conductivity are 
examples of these properties. To address this 
problem, the following equations are used [14]. 

휇 =  휇 + 푥 (휇 −  휇 ) (8) 
푐푝 =  푐푝 + 푥 (푐푝 −  푐푝 ) (9) 
푘 =  푘 + 푥 (푘 −  푘 ) (10) 

 
Heat Exchanger Subsystem 
Part 1: Kerosene heat transfer coefficient is 
calculated as follows: 

Nu = ζ⁄   (  – )  
.  ζ⁄ ⁄ .

 (11) 

where 휁 = (0.79 ln(푅푒)− 1.64)  (12) 

ℎ =  
푁푢  푘
퐷  (13) 

푄 = ℎ 퐴  ( 푇 −  푇 ) (14) 
  

Part 2: R134a heat transfer coefficient (h_TP) 
A two- phase heat transfer coefficient correlation 
proposed by Kandlikar is used. 
ℎ  = [(1.183744 퐶표 .  + 
225.5474 퐵표 . 퐹 )] (1 − 푥) . ℎ  (15) 

Co = 
. .

 (16) 

Bo = 
′′

  
 (17) 

푄 = ℎ 퐴  ( 푇 −  푇 ) (18) 
  

Now, the magnitude of Q for both kerosene and 
R134a is known. By applying an energy balance on 
the heat exchanger material, the heat exchanger 
temperature,T_HX, is calculated by integrating (20). 
푄 =  푄 +  푄  (19) 

 = 
 

 (20) 
 
IV. RESULTS 
 
Transient analysis of a two-phase heat exchanger is 
critical to managing the thermal loads on next 
generation aircraft especially the NASA N3-X 
concept vehicle. A step change is typically a limiting 
transient input. Therefore, a step change in pressure 
will be initially investigated to define the limits of the 
model. The overall duration of the simulation will be 
6 seconds with a time step of 10-6 seconds. A 
simulation time step of 10-4 seconds is stable but to 
ensure model stability a time step two orders of 
magnitude lower was used for all of the presented 
results. The pressure step change is from 650 to 555 
kPa. 
Pressure Perturbation 
A step change in the heat exchanger pressure for the 
cold side is presented. Figure 2 shows the pressure 
step change for R134a from 650 to 555 kPa. The 
enthalpy of the R134a is constant as the pressure is 
changed. The kerosene temperature out of the heat 
exchanger is 282.3 K before the step change in R134a 
pressure, while  T_(c,out) is 281.8 K after the 
pressure step changes as shown in Figure 4. 
Therefore, dropping the refrigerant pressure results in 
a decrease in kerosene temperature out of the heat 
exchanger of 0.5 °K. The reduction in operating 
pressure of the condensing heat exchanger reduces 
the saturation temperature of the refrigerant, which in 
turn reduces the amount of heat rejected from the 
refrigerant to kerosene through the heat exchanger. 
The effect of the step change in pressure of the R134a 
on the R134a temperature is shown in Figure 5. 
 

 
Figure 2: Hot side (R134a) pressure step change 
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Figure 4: Cold flow (kerosene) temperature out with pressure 

step change 

 
Figure 5: Hot flow (R 134a) temperature out with pressure step 

change 

 
Figure 6: Heat exchanger material temperature with a 

pressure change 
 
The temperature out decreases due to the change in 
saturation temperature caused by the drop in pressure. 
As expected, a step decrease in the pressure of the 
R134a will affect the R134a temperature (T_(h,out)) 
directly.  In the steady- state regions, when the 
pressure is 650 kPa, T_(h,out) is 297 K, while at 555 
kPa, T_(h,out) is 292 K, which is due to the change in 
saturation pressure and temperature. The transient 
response predicted by the model between the two 
steady state values is of significant interest. It is 
worthy to mention that the temperature is calculated 
using pressure and internal energy through a lookup 
table. The model predicts the transient change to 
occur over 0.000001 second as result of the sudden 
change in pressure. This is due to the temperature 
being a non-dynamic state in the model. With respect 
to the conservation of energy, the internal energy is in 

a dynamic state in the model. Therefore, the transient 
response is calculated for temperature is a result of 
the step change in pressure.The model is capturing 
some trends in the transient region of the two- phase 
fluid. The initial response of over 0.1 seconds is 
driven by the internal energy of the mass in the 
control volume.   

 
Figure 1: Hot side (R134a) heat transfer coefficient (�ܶ ) with 

pressure step change 

 
Figure 9: Hot side (R134a) quality with pressure step change 

The slower response is due the thermal equilibrium of 
the heat exchanger temperatures. Figure 6 presents 
the response of the heat exchanger material 
temperature to the step change. The temperature of 
the heat exchanger material is a dynamic state and the 
step change results in an appropriate first order 
response. The heat transfer coefficient of the two- 
phase refrigerant, h_TP changes significantly with the 
pressure drop, Figure 8.Table 2 provides the steady- 
state values, which are nearly twice. This reinforces 
the idea of rapid pressure change approach for 
achieving a rapid thermal response to a transient heat 
load. Figure 9 highlights the dependency of the 
quality on the pressure (as the pressure is decreased 
because the step change; the quality rapidly 
increases). Where, the quality is 0.6241 at a pressure 
of 650 kPa, while at a pressure of 555 kPa, the quality 
is 0.8023.  As the pressure drops, R134a quality 
increases for the same value of internal energy. The 
quality does not change instantly with the pressure, 
but starts to increase as the internal energy of the 
fluid increases.  The initial response takes 
approximately 0.01 seconds, also one can notice that 
the two- phase flow heat transfer coefficient is 
influenced significantly by the value of the quality, 
therefore, the heat transfer coefficient (h_TP) will 
increase even if temperature decreases. Basically, 
h_TP is a function of temperature and quality. The 
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quality has a slight overshoot, whereas, the internal 
energy is not in equilibrium and it increases as the 
refrigerant is evaporating instead of condensing 
during the transient region. The quality reaches a 
steady-state value as the temperature of the heat 
exchanger settles to 285.6 K and this process takes 
approximately 0.2 seconds 

Table 2: Steady state hot side heat transfer coefficient (hTP) 
with pressure step change 

 
The heat transfer on the hot side (R134a) increases 
initially as the quality increases resulting in 
evaporation instead of condensation, but decreases 
with the reduction of quality as the heat exchanger 
becomes in thermal equilibrium. Once equilibrium in 
the quality is reached, heat leaves the refrigerant 
resulting in condensing of the refrigerant once again. 
The steady state values of Q_h for the respective 
pressures of 650 and 555 kPa are presented in Table 
3. Even though the heat transfer coefficient increases 
for the refrigerant the overall heat transfer decreases 
as shown in Figure 11. This is because the 
temperature difference between the heat exchanger 
and refrigerant decreases from 10.2 K to 6.6 K. The 
step change in pressure results in a sudden change in 
enthalpy of the fluid.  The sudden step in enthalpy 
follows the 0.01 second response in quality.  
Therefore, there are two time scales in the quality and 
enthalpy results. The time constants are from the 
equilibrium in the fluid and the heat exchanger 
temperatures.   

 
Figure 11: Heat transferred from hot side (R134a) with 

pressure step change 
 Table 1: Steady state Qh 

 
Realistic Pressure Response 
Previously, an ideal step change in pressure was 
investigated. In this part, a transfer function is 
employed to emulate the response time of a plenum 
volume and a valve for perturbing the pressure of the 
system. The ideal input pressure would be a step 
change, but a first order response is more realistic. 
The initial pressure is 650 kPa, while the final 
pressure is 555 kPa. This investigation will provide a 

more realistic test of the two-phase flow heat 
exchanger model using different time constants. 
Finally, a comparison between the transfer function 
results and the previous pressure step change results 
can be made. The sample time has been taken as 
0.00001sec. To approximate the volume for a given 
time constant, the ideal gas equation of state is used 
for simplicity even though R134a does not behave as 
an ideal gas. 

푃푉 = 푚푅푇 (21) 
is transformed to the following form  

푃 =  
푚푅푇
푉  (22) 

Taking the derivative of Eq. (22) with respect to time 
results in  

푑푃
푑푡 =  

푅푇
푉
푑푚
푑푡  (23) 

where the term [V/RT] represents the time constant. 
To calculate the time constant, the temperature (T) is 
taken as 298 k and R for R134a is 81.5 J/(kg-k). Note, 
that Eqn. (23) assumes temperature is not changing 
with time. This does introduce some additional error 
in the approximation of the time constant for a given 
volume and temperature. Two different time 
constants were analyzed to evaluate a range of 
approximate volumes.  
From Fig. (6) in pressure step change section the heat 
exchanger mass time constant is 0.3 seconds which 
will be constant for both time constants 0.1 and 0.01 
seconds.   
Time constant = 0.1 s: 
Figure 21 shows the hot side (R134a) pressure change 
from 650 kPa to 555 kPa as a first order response 
with a time constant of 0.1 seconds. In this case, the 
plenum volume is approximately 2.4 m^3. Figure 22 
plots the hot side (R134a) temperature out during the 
pressure response for a 0.1 time constant. The hot 
side (R134a) temperature changes simultaneously 
with respect to the pressure changes if the hot side 
(R134a) quality is less than 1. Therefore, Th,out 
decreases as the pressure decreases from 650 kPa to 
555 kPa. Figure (23) shows the hot side (R134a) 
quality during the pressure response for a 0.1 time 
constant. Since the pressure decreases, the quality 
increases as stated earlier. In the time range (1~1.3) 
seconds, the hot side (R134a) quality increases due to 
the decrease in the refrigerant pressure. Next, the 
quality decreases after 1.3 seconds because the hot 
side (R134a) heat transferred increases. 

 
Figure 21: Hot side (R134a) pressure response for a time 

constant of 0.1sec 
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Figure 22: Hot side (R134a) temperature out for a time 

constant of 0.1sec 

 
Figure 23: Hot side (R134a) quality for a time constant of 

0.1sec 

 
Figure 24: Heat transferred from hot side (R134a) for a time 

constant of 0.1sec 
 

function with a 0.1 sec time constant. The heat 
transfer rate does not have the sudden step change as 
in the previous section, but still has the undershoot 
due to the changing quality of the fluid as it reaches a 
new equilibrium. The temperature difference between 
the hot side (R134a) temperature and the heat 
exchanger material temperature decreases by time 
during the transient region because Th,out decreases 
as a result of pressure decreases. After running the 
model with a specified time constant (0.1 sec), a 
comparison to the step change results is done. All 
figures of the results are identical except for pressure, 
Th,out, and Qh, results. Therefore, a 0.1 second time 
constant with a first order response does not introduce 
any issues with the model. The approximate time 
constant of the heat exchanger temperature is 0.3 
seconds.  With the plenum volume time constant of 
0.1 seconds the heat exchanger-to-plenum volume 
ratio of time constants is approximately 3-to-1. This 
ratio of time constants results in normal operation of 
the heat exchanger, but larger ratios of time constants 
result in different behavior in heat transfer as is 
presented in the next section. 

Time constant = 0.01 s: 
Figure 25 shows the hot side (R134a) pressure change 
from 650 kPa to 555 kPa as a first order response 
with a time constant of 0.01 seconds. The plenum 
volume for this time constant is approximately 0.24 
m^3. The pressure response is relatively faster and 
equates to a 30- to- 1 ratio for heat exchanger 
temperature to plenum volume time constant. Figure 
26 shows the hot side (R134a) temperature out during 
the pressure change for a 0.01 second transfer 
function.  

 
Figure 25: Hot side (R134a) pressure response for a time 

constant of 0.01sec 

 
Figure 26: Hot side (R134a) temperature out for a time 

constant of 0.01sec 

 
Figure 27: Hot side (R134a) quality for a time constant of 

0.01sec 

 
Figure 28: Heat transferred from hot side (R134a) for a time 

constant of 0.01sec 
 
As expected, the hot side (R134a) temperature 
direction is similar to the hot side (R134a) pressure as 
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long as the refrigerant quality is less than one. The 
results of the Th,out for 0.1 time constant are 
identical to the results of the Th,out for 0.01 time 
constant. Therefore, selecting different time constants 
will not affect the results. Figure 27 shows the hot 
side (R134a) quality during the pressure response for 
a 0.01 time constant. Again, once the pressure 
decreases, the quality increases and vice versa.  
 
The response of the hot side (R134a) quality is 
quicker for this time constant than for 0.1 time 
constant. Hence, in one second, the refrigerant quality 
approximately reaches the equilibrium state. Figure 
28 shows the heat transferred from the refrigerant 
during a 0.01 second time constant transfer function- 
pressure change. The hot side (R134a) heat 
transferred in this figure is similar to hot side (R134a) 
heat transferred in the pressure step change. Hence, 
there is a region in which the evaporation is occurring 
instead of condensation. In the time range (1~ 1.04) 
seconds, the hot side (R134a) heat transferred 
decreases as the The, out decreases due to the 
pressure decreases. Next, after 1.04 seconds, the 
refrigerant heat transferred increases according to the 
temperature difference increase in that range of time. 
 
CONCLUSIONS 
 
A stainless-steel two- phase heat exchanger is 
modeled transiently. The numerical simulation tool 
(MATLAB/SIMULINK) is used to study and 
understand the influence of input perturbations on the 
operation of the heat exchanger. Two working fluids 
are selected; Kerosene and R134a. The heat 
exchanger model demonstrates its ability to respond 
quickly to pressure perturbation in very short period. 
Therefore, the results prove manipulation of pressure 
will dramatically change the heat transfer of R134a. 
The pressure drop results in a decrease in; kerosene 
temperature out, R134a temperature out, heat 
exchanger temperature, and heat transferred from 
R134a. In turn, two- phase heat transfer coefficient, 
and quality increase because of the pressure drop, in 
particular, h_TP will be increased approximately 
twice.  There are two time constants of interest.  The 
smaller time constant of the refrigerant fluid affected 
the fluid quality, enthalpy, and heat transfer. Pressure 
manipulation of a refrigerant provides the opportunity 
to cause quick change the fluid properties and overall 

heat transfer rate much faster than manipulating the 
inlet enthalpy or temperature.Pressure manipulation 
provides a rapid capability of manipulating both the 
heat transfer rate and the temperature of the 
refrigerant fluid. If a thermal system is designed with 
the ability to manipulate pressure, then the heat 
transfer rate may be actively rapidly controlled. 
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