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Abstract. The impact of commercial aviation on the volume of polluting emissions is a problem
that has become more relevant over the years, from initiatives at a personal level such as abstaining
from the use of aircraft, to approaches at a government level with the dissent via taxes in some
countries, there have been various ways of facing a problem whose solution may possibly go
through the path of technological development. In today's world, the growing demand for power
in the transition to electric aviation systems brings together the need to improve the thermal
management systems associated with their correct operation. It is in this context where flow boiling
cooling technologies have demonstrated their potential for thermal management. This two-phase
solution uses the latent heat of vaporisation as a resource in the extraction of heat, with low
requirements in mass flow and near-isothermal operation, resulting in a low temperature difference
between hot source and cold sink even for long distances where the addition of pumping stages
becomes necessary. In the overall design scheme of a two-phase cooling circuit, adjusting the
saturation temperature or mass flow of the coolant are control possibilities in the face of changing
conditions of the heat transfer environment. This work presents a set of five criteria to establish a
saturation temperature setpoint under steady state conditions. Two application examples are
presented, and the results are compared with case studies of two-phase mechanically pumped loop
(2@MPL) from the aerospace industry.
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Nomenclature
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Subscripts
Area (m?) cs Cross-section
Density (kg/m?®) / Liquid
Dynamic viscosity (Pa.s) s Saturation
Gas constant (J/kg.K) snd Sound
Heat transfer rate (W) v Vapour
Latent heat of vaporisation (J/kg)

Acronyms

Mach number (-)

Mass flow rate (kg/s) FoM Figure of Merit

Pressure (Pa) HTC Heat Transfer Coefficient

Temperature (K) LPD Low Pressure Drop

Specific enthalpy (J/kg) LVF Low Volumetric Flow

Specific heat ratio (-) RTC Robust Temperature Control
2dMPL  Two-Phase Mechanically Pumped

Velocit
Y Loop

Volumetric flow (m?/s)
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1 Introduction

Nowadays, there are few problems capable of
bringing together so many countries in a common
purpose as climate change does. The risks to
civilisation and the ecosystem have become tangible
over the years, leading to government regulations and
initiatives from major technological players that are
setting new lines of development [1].

In this regard, the aeronautical industry, committed
to the goal of decarbonization [2], has expanded its
investment and research  horizons towards
electrification, a growing market with power
dissipation demands proportional to the size and
performance of future aircraft [3] [4].

These initiatives bring new challenges in thermal
management; the need to acquire, transport, and
reject heat within complex structural configurations
and high power density per unit area has shifted
attention towards two-phase heat transfer solutions,
taking advantage of the ability to absorb large
amounts of heat by harnessing the latent heat of
vaporisation [5] [6].

Passive thermal management alternatives such as
heat pipes have demonstrated their capability and
reliability over the years in the aerospace
environment [7]. However, the mass budget required
for use over long distances between heat acquisition
and rejection points have shifted focus towards the
development of systems with an added pumping
stage, such as 20MPLs. These systems allow a new
level of control over mass flow, near-isothermal
operating conditions, and the theoretical ability to
extend their branches to the temperature control of
parallel thermal loads. These intriguing capabilities
come with numerous questions about the operational
requirements of this technology [6].

This work presents a set of five criteria to establish a
saturation temperature setpoint under steady state
conditions. Two application examples are presented,
and the results are compared with case studies on
thermal control in the aerospace industry: 1)
Telecommunication satellite (simulation results with
ammonia) [8], and 2) Instruments for measurements
in advanced physics (actual set-point selected for
operation with carbon dioxide) [9].

2 Fundamentals of a 20MPL

2.1 Basic Mechanics

A simplified representation of a single-loop 20MPL
intended for the thermal management of electronic
components is shown in Figure 1a, accompanied by

its typical behaviour on the pressure-enthalpy
diagram (Figure 1b). The description of the operating
principle of the loop starts at the accumulator which
performs three functions in the configuration shown:
1) supplying liquid to the pump to prevent cavitation,
2) dampening transient excess flow caused by
changing conditions in the evaporator, and 3) setting
the minimum pressure level within the loop through
the controlled activation of an electric heater.
Downstream is the pump, which is responsible for
maintaining the fluid flow within the system,
overcoming pressure losses by increasing the
mechanical energy of the flow. The next component
is the evaporator, which acquires heat from the hot
source while utilising the latent heat of vaporisation
to maintain the near-isothermal condition in the
working fluid. Finally, the heat is rejected in the
condenser, where the working fluid returns to a
subcooled condition to complete the cycle again at
the accumulator.
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Figure 1: a) 2¢MPL main components, b) Example
of 2¢MPL P-h diagram.

2.2 Control Strategies

Control strategies for 20MPL systems are still an
area under exploration, with thermohydraulic
instabilities often occurring at both the component
and system levels [10]. Flow restrictors and surface
coatings have shown some of the best results in
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reducing flow disturbances [11] [12] [13] [14].
However, the disparity in the response times between
thermal and hydraulic dynamics makes it a
challenging issue, leading to the consideration of
heuristic  control methodologies (black  box
approaches) [15]. For clarity in the explanation of the
application example in this work, a simple strategy
will be considered by setting a nominal temperature
value in the working fluid, while response to
disturbances will be managed through variations in
pump speed.

3 Temperature Setpoint Selection Criteria
3.1 Higher HTC

Improvements in the heat transfer coefficient (HTC)
achieved by operating at higher pressure levels have
been reported by numerous authors in the
phenomenon of flow boiling [16] [17] and can be
seen in Figures 2 and 3. The physical argument
behind this effect is the reduction in surface tension
(due to the increase in saturation temperature), which
leads to lower energy requirements for the extension
of the liquid film needed for bubble formation.
Additionally, operating at higher pressure levels
results in smaller bubble sizes, leading to enhanced
and more homogeneous nucleation flow. Therefore,
according to this criterion operating at the highest
possible pressure (saturation temperature) is the best
option.
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Figure 2: The effect of saturation temperature on
heat transfer coefficient for propane [16].
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Figure 3: The effect of saturation pressure on the
heat transfer coefficient for R-134a [17].

3.2 Higher Latent Heat of Vaporisation

As discussed in the previous paragraph, while the
heat transfer coefficient can benefit from setting
higher pressure levels (saturation temperature) within
the loop, operating in the upper region of the P vs h
diagram is associated with lower values of latent heat
of vaporisation (Figure 4), which reduces the range
of the two-phase region and thus limits the spectrum
of isothermal operation. Based on the criterion of
high latent heat of vaporisation, it is suggested to
operate at the minimum temperature (pressure)
settled by the operational requirements of the thermal
load.

P-h Diagram for Ammonia

107 4
i Lower Latent Heat of Vaporisation
22 -

‘/ Higher Latent Heat of Vaporisation

— Saturated Liquid
—— Saturated Vapor
—— P =100.0 kPa

P = 500.0 kPa
—— P = 1000.0 kPa
—— P = 2000.0 kPa
—— P = 3000.0 kPa

—
o
C)

v
\\\.—)

Pressure (Pa)

—
o
)

10~l 4

0.00 0.25 0.50 0.75 1.00 1.25 1.50
Enthalpy (J/kg) le6

Figure 4: Example of P-h diagram.

Paper 1, Page 3



3.3 Robust Temperature Control

For control purposes, it is beneficial to set a
saturation temperature setpoint as close as possible to
the critical temperature, where even with relatively
large variations in the manipulated variable (pressure
regulated from the accumulator), the changes in the
controlled variable (saturation temperature) remain
minimal [18]. This scenario of control robustness can
be assessed by evaluating the gradient between
pressure and temperature variations and selecting the
temperature with the highest value as shown in
Equation (1), based on the analysis of behaviour in
the P vs T diagram of the working fluid (Figure 5).

Trrc criterion = TSlmax (Z_P) (1)
T

AP

g

ATiower

-] &

Pressure (bar)

|AP

ATrigher

20 15 1o 10 15 20

5 o 5
Temperature (°C)

Figure 5: Example of P-T diagram.

3.4 Lower Pressure Drop

In a 1®MPL (based on sensible heat transfer) the
ability to extract heat must be enhanced by increasing
mass flow, however the use of latent heat means that
for 2@-MPL less mass flow is required, and it is
possible to reduce the diameter of the pipe, although
this will increase the pressure losses. Gerner et al.'s
proposal [19] demonstrates how certain formulations
allow for distinguishing the contribution of factors in
relation to pressure losses for turbulent flow in
smooth-walled tubes. A single numerical value
(called a Figure of Merit FoM) is proposed to
quantify the relationship of multiple thermohydraulic
properties. The aim would be to determine the
saturation temperature that maximises the value of
the Figure of Merit referred to as Low Pressure Drop
(LPD FoM) in Equations (2) and (3), by calculating
the thermohydraulic properties at that temperature
depending on the chosen working fluid.

Tipp criterion = Ts|max (LPD FoM) 2)

! 3)
W

+
P1 (hlv) 7/4 Py (hlv)7/4

LPD FoM =

3.5 Lower Volumetric Flow

Equation (4) shows the definition of volumetric flow
and its inverse relationship with respect to the
product of liquid density by latent heat of
vaporisation for turbulent flow in smooth-walled
tubes [19]:

o Q (@)
Pt Pihw

Returning to the concept of the Figure of Merit, it is
possible to determine the temperature values that
would result in a lower volumetric flow rate (LVF
FoM) in Equations (5) and (6), which is directly
linked to a reduced pumping requirement.

Trvr criterion = Ts |max (LVF FoM) (5)
LVF FoM = plhlv (6)

3.6 Sonic Limit Check

It is suggested that the selected temperature setpoint
reduces the influence of compressibility effects,
(pressure fluctuations, flow maldistribution, etc.)
which would add complexity and difficulties to the
thermohydraulic control of the system. Therefore, it
is essential to ensure that the vapour velocity in the
fluid remains within the subsonic flow category
(Mach < 0.8). If not, the operating conditions should
be redefined, or a new working fluid should be
selected [18].

4 Application Examples

In the following section, the application of the
different selection criteria will be demonstrated
according to the flowchart shown in Figure 6, based
on two case studies with different dissipation
requirements for electronic equipment. In each case
study, the selection will be made simultaneously for
two fluids: Case #1 (R1234yf vs Carbon Dioxide),
Case #2 (R1234ze(E) vs Ammonia) the first with
potential for aeronautical use (R1234yf /
R1234ze(E)), and the second as a reference for
comparison, linked to space applications (Carbon
Dioxide / Ammonia).
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Figure 6: Temperature selection flowchart.

For the sake of simplicity in the explanation, the
temperature range for the working fluid was taken as
a reduction of the operational temperature
requirement at hot source (by adding 5K to the lower
limit and subtracting 5K from the upper limit).
However, it is worth mentioning that a complete
approach requires the estimation of the temperature
deltas between fluid and hot source as a consequence
of the convective resistance of the fluid, the
conductive resistance of the evaporator material and
the quality of the evaporator-heat source thermal
contact interface.

4.1 Case study #1 (144 W)

In the context of advanced physics research, this first
case study establishes some of the basic thermal
management requirements for an in-orbit instrument
specialised in antimatter detection [9], where the
internal distribution of 8 silicon sheets capable of
emitting electrical signals based on the impact of the
particles under study is described. Around the 8
silicon planes detecting front-end electronics widely
distributed at the periphery of the silicon planes (at
no less than 192 locations) need to be very stable in
temperature while dissipating 144 W of heat. The
requirements of the first case study are summarised
in Table 1.

Table 1: Operational parameters case study #1.

Power to be dissipated
Operational temperature requirement
at hot source
Temperature range for the working
fluid

144 [W]
-10 [°C] / 25 [°C]

-5 [°C] /20 [°C]

Overall mass flow 2 [g/s]
Hydraulic dlameltienreof the two-phase 2.6 [mm]
Working fluid example R1234yf

(aeronautical application)
Working fluid for comparison
(space application [9])

Carbon dioxide

4.1.1 Higher HTC: Figure 7 shows the choice of 20
°C for both R1234yf and Carbon Dioxide, according
to the criterion of Higher HTC linked to operation at
higher pressure levels.

60

Pressure (bar)

20 Temperature linked to higher pressure level
(to promote higher HTC)

5 10
Temperature (°C) e

Figure 7: Case #1 (Higher HTC).

4.1.2 Higher Latent Heat of VVaporisation: Figures 8
and 9 shows the choice of -5 °C for both R1234yf and
Carbon Dioxide, according to the criterion of Higher
Latent Heat of Vaporisation linked to operation at
lower pressure levels (lower temperatures).

T-h Diagram for R1234YF
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Figure 8: Case #1 (Higher Latent Heat of
Vaporisation — R1234yf).
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T-h Diagram for CarbonDioxide
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Figure 9: Case #1 (Higher Latent Heat of
Vaporisation — Carbon dioxide).

4.1.3 Robust Temperature Control: Figure 10 shows
the choice of 20 °C for both R1234yf and carbon
dioxide, according to the criterion of Robust
Temperature Control linked to operation at the point
of largest gradient between pressure manipulation
and temperature control.
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Figure 10: Case #1 (Robust Temperature Control).

4.1.4 Lower Pressure Drop: Figure 11 shows the
choice of 20 °C for R1234yf and 2.5 °C for Carbon
Dioxide, according to the criterion of Lower Pressure
Drop for turbulent flow in smooth-walled tubes.
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Figure 11: Case #1 (Lower Pressure Drop).

4.1.5 Lower Volumetric Flow: Figure 12 shows the
choice of -5 °C for both R1234yf and Carbon
Dioxide, according to the criterion of Lower
Volumetric Flow with the purpose of reducing
pumping power.

CarbonDioxide

Lower Volumetric Flow FoM ( J/m~3)

Temperature linked to lower volumetric flow

(to reduce pumping requirements

Ter:ﬁperature [TC!
Figure 12: Case #1 (Lower Volumetric Flow).

4.1.6 Weighted average: Once the temperature values
for each criterion have been obtained, the weighted
average is calculated to determine the saturation
temperature setpoint. In this context, two scenarios
can be considered: a) known weights, and b)
unknown weights.

a) Known weights scenario: Expert knowledge and
operational decisions determine the values of the
weights used to calculate the setpoint. In this context,
various combinations of weights will position the
saturation temperature in operating zones that may
prioritise heat acquisition, prolong the intervals
between interventions in the system, or achieve other
objectives. Table 2 compares the temperature
setpoints obtained for R1234yf and carbon dioxide
for three different combinations of known weights,
each serving a different purpose.
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Table 2: Case study #1 (Setpoint selection — known
weights scenario).

Selected Temperature [°C]

Criterion Weight R1234yf  |Carbon Dioxide
Higher HTC W1 20 20
Higher Latent Heat of Vaporisation | W2 -5 -5
Robust Temperature Control W3 20 20
Lower Pressure Drop W4 20 2.5
Lower Volumetric Flow W5 -5 -5
Example 1: Equal weights (W1=W2=W3=W4=W5=0.2)

Weighted average setpoint (Example 1)| 10 | 6.5
Example 2: Greater heat acquisition (W1=0.7, W2=0.1,W3=0,W4=0.1,W5=0.
Weighted average setpoint (Example 2)] 15 | 13.25
Example 3: Less maintenance (W1=0.1,W2=0.1,W3=0.1,W4=0.3,W5=0.4)

Weighted average setpoint (Example 3)] 7.5 | 225

b) Unknown weights scenario: In Equation 7 the
number of different weight distributions Ny’ for
‘n’ indistinguishable objects (number of weight
steps) among ‘k’ different parties (number of criteria)
according to the stars and bars formula is equal to:

_(n+k-1)! (7)
WD ™ (g —1Din!

Therefore, in the absence of specific weights, the
construction of different weight distributions is
proposed, after establishing the weight range and the
step size for weight increments. As an example, step
size for weight increments of 0.1 within the range 0
to 1 establishes n = 10 steps to cover the set of
possible values (0 X% 01,.., 09 =251), which
assigned in k = 5 different positions establish a total
of Nyp = 1001 possible combinations.

From here it is possible to calculate the weighted
average associated with the different weight
distributions, which gives Ny,p candidate setpoint
temperatures. Taking the set of possible values as a
distribution, it is suggested to use the quartiles Q1,
Q2 and Q3 as the lower value of the range, setpoint
and upper value of the saturation temperature range
respectively.

Returning to case study #1, the setpoint for the
saturation temperature and its suggested range of
variation are presented as a boxplot in Figure 13 for
R1234yf and in Figure 14 for carbon dioxide.

14 { |

T T T T T T
-5 0 5 10 15 20
Saturation temperature [°C]

Figure 13: Case #1 (R1234yf setpoint selection —
unknown weights scenario).

14—

T T T T T T
-5 0 5 10 15 20
Saturation temperature [°C]

Figure 14: Case #1 (Carbon dioxide setpoint
selection — unknown weights scenario).

4.1.7 Sonic Limit Check: At this verification stage it
is first recommended to calculate the speed of sound
using thermodynamic models and libraries available
based on the fluid and temperatures of interest [20].
In the absence of such a resource, the formulation for
ideal gases expressed in Equation 8 can be used as a
calculation reference:

Vsna =YV R-T (8)

The second step is to estimate the maximum velocity
value developed in the line, for which a complete
vaporisation scenario can be taken as a reference
(vapor velocity), where the lowest density values for
the gas phase will lead to maximum velocity values
for an established geometry and mass flow in
Equation 9:

m (C))
Py-Acs

Uy =

The third and final step is to verify that the speed of
the vapor flow remains far from the value of the
speed of sound in that medium (to reduce the effects
of compressibility) this can be achieved with
calculated values less than 0.8 in the Mach number of
Equation (10):

Y (10)
Usnd

M =

The sonic limit check for case study #1 is
summarized in Table 3 with properties obtained from
the CoolProp 6.6.0 library [20].

Table 3: Case study #1 (Sonic Limit Check).

Working fluid R1234yf Carbon Dioxide
Temperature setpoint range [°C] {5;15} {2.25;10.75}
Quartiles Q1 |Median| Q3 Q1 |Median| Q3
Temperature [°C] 5 10 15| 2.25| 6.25| 10.75
Vapor velocity [m/s] 18.16 15.52| 13.33| 3.59| 3.16] 2.72
Mach number [-] 0.135/ 0.115] 0.099{ 0.017| 0.015] 0.013
Vapour flow regime Subsonic Subsonic

In this sense, the temperature setpoints proposed for
the two fluids are far from the sonic limit, and are
presented as a baseline for choosing a nominal
operating point. For comparison purposes the
accumulator setpoint chosen by the reference
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20MPL operating with carbon dioxide for thermal
management of these dissipation requirements was 0
°C [9], a difference of less than 7 K with the median
temperature of the unknown weight method shown
above.

4.2 Case study #2 (6000 W)

Within the telecommunications satellite market, new
requirements in the power required for signal
processing (or in-orbit computing) are linked to
increases in size and thermal dissipation
requirements, with operating ranges that are
increasingly similar to those of aeronautical
applications, which has led to joint research programs
between aeronautical and aerospace institutions [8].
Regarding this case study, three panels arranged
inside a satellite assembly are designed to house 180
active electronic components with a combined
dissipation requirement of 6000 W. The requirements
of the second case study are summarised in Table 4,
its setpoint selection (known weights) in Table 5,
setpoint selection (unknown weights) in Figure 15 &
16 and its sonic limit check in Table 6.

Table 4: Operational parameters case study #2.

Power to be dissipated
Operational temperature
requirement at hot source

Temperature range for the
working fluid

6000 [W]
35 [°C]/ 70 [°C]

40 [°C]/ 65 [°C]

Overall mass flow 3.15 [g/s]
Hydraulic diameter of the two-
- 9 [mm]
phase line
Workmg_ fluid ex_ample R12347¢(E)
(aeronautical application)

Working fluid for comparison .

Ammonia

(space application [8])

Table 5: Case study #2 (Setpoint selection — known
weights scenario).

Selected Temperature [°C]
Criterion Weight| R1234ze(E) Ammonia

Higher HTC W1 65 65
Higher Latent Heat of Vaporisation | W2 40 40
Robust Temperature Control W3 65 65
Lower Pressure Drop W4 65 65
Lower Volumetric Flow W5 40 40
Example 1: Equal weights (W1=W2=W3=W4=W5=0.2)

Weighted average setpoint (Example 1)] 55 | 55
Example 2: Greater heat acquisition (W1=0.7,W2=0.1,W3=0,W4=0.1,W5=0.

Weighted average setpoint (Example 2)| 60 | 60
Example 3: Less maintenance (W1=0.1,W2=0.1,W3=0.1,W4=0.3,W5=0.4)

Weighted average setpoint (Example 3)| 52.5 | 52.5

1 { |

T T T T T T
40 45 50 55 60 65
Saturation temperature [°C]

Figure 15: Case #2 (R1234ze(E) setpoint selection
— unknown weights scenario).

14 { |

T T T T T T
40 45 50 55 60 65
Saturation temperature [°C]

Figure 16: Case #2 (Ammonia setpoint selection —
unknown weights scenario).

Table 6: Case study #2 (Sonic Limit Check).

Working fluid R1234ze(E) Ammonia
Temperature setpoint range [°C] {50,60} {50;60}
Quartiles Q1 |Median| Q3 | Q1 [Median| Q3
Temperature [°C] 50 55 60| 50 55 60
Vapor velocity [m/s] 0.92 0.81| 0.71] 3.14 2.75| 2.42
Mach number [-] 0.007{ 0.006| 0.005/0.008| 0.007|0.006
Vapour flow regime Subsonic Subsonic

For comparison purposes the accumulator setpoint
chosen by the reference 20MPL prototype operating
with ammonia for thermal management of these
dissipation requirements was 51.56 °C [8], a
difference of less than 4 K with the median
temperature of the unknown weight method shown
above.

5 Conclusions

e The five criteria presented: 1) Higher HTC, 2)
Higher Latent Heat of Vaporisation, 3) Robust
Temperature Control, 4) Lower Pressure Drop, 5)
Lower Volumetric Flow, provide an analytical
alternative for selecting a temperature setpoint that
can be adjusted to the operational priorities of the
case by modifying their weights in a weighted
average formulation.

¢ In the case of selecting two different fluids for the
same thermal management solution the chosen
setpoint value may vary (case study #1) or remain
the same (case study #2), depending on the
behaviour of their thermodynamic diagrams and
their performance based on the selected figures of
merit.

e While the selection of nominal operating points
must encompass the set of challenges in the
construction, operation, and control of a 2OMPL,
the approach presented above is proposed as a
reasonable baseline.
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