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Abstract. When aircrafts operate in cold regions, electric heat tracing is usually
used to heat the water system pipelines to avoid icing. Based on aircrafts opera-
tional scenarios, this article analyzed the enclosed and semi-open compartment
environments and the heat loss laws of pipelines, determining the power of elec-
tric heat tracing. Using MATLAB PDE-tool, the temperature distributions of
pipelines with electric heat tracing were solved. The results indicated that the
power of electric heat tracing worked well to maintain the water temperature
within the target temperature range, providing a theoretical basis for the anti-
freezing design of aircraft water system pipelines.
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1 Instruction

The water system is used to store and provide sufficient water for the aircrafts, pressur-
izing water to galleys and lavatories onboard for drinking, washing and toilets flushing,
meeting the physiological needs of passengers onboard [1-2]. According to the experi-
ence of airlines, during winter, especially when operating in cold regions, the water
system should be immediately pressurized to discharge after landing [3]. Because water
system pipelines are usually installed below the cabin floor and are often close to the
aircraft skin, there is still a need for anti-icing in cold regions. At present, there are two
common ways to prevent pipelines icing: electric heat tracing and water heat tracing
[4]. Due to the limited space on the aircraft, electric heat tracing has become the pre-
ferred choice because of its uniform heating, small layouts and good maintainability.
The water system shall function fully within the whole flight envelope. When deter-
mining the anti-freezing design requirements for water system pipelines, the system
functions in cold regions should be tested firstly. The common methods for predicting
environmental temperature include CFD simulation calculations and Analytical calcu-
lation method [5-7], Zhang Teng et al. [8] conducted temperature measurements in
open, semi-open, and enclosed structural compartments for one year, and the results
showed that the temperature data at all measurement points was basically the same at
night, with a maximum temperature difference within 3 °C. Therefore, in engineering
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application, when an aircraft was parked in a cold area during nighttime enough long,
it could be considered that the temperature differences between the aircraft compart-
ments could be ignored.

When operating in cold regions, the water system should be filled after the aircraft
starts and air conditioning system works. As the aircraft starts, each compartment re-
sponses differently in temperature due to its sealing status, heat from equipment/pipe-
lines and insulation structures. According to the temperature data obtained from the
sensors near the water system pipelines of a certain type of aircraft during the initial
stage of air conditioning system start-up (within 30 minutes) after a long stay in ex-
tremely cold regions, the external environment of the pipelines was divided into two
categories: semi-open compartments and enclosed compartments. The ambient temper-
ature was shown in Table 1.

Table 1. Ambient temperature in the different compartments

Areas Temperature (°C)
Enclosed compartments -5.5¢1.0
Semi-open compartments -10.8+0.4

2 Anti-freezing Design in the Different Compartments

2.1  Geometric Model and Material Properties

The water system pipelines mainly consist of pipe walls and two end joints, with an
inner diameter of 12.7 mm. The pipe wall is made of rubber and has a thickness of
4mm. Since the length is usually far larger than inner diameter, the heat transfer of the
pipelines could be simplified as a one-dimensional heat transfer issue. The physical
properties of pipeline materials and fluid medium were shown in Table 2.

Table 2. Material properties

. Density Thermal conductivity Specific heat capacity
Maenals - egmi) (W/(m*C)) (V(kg*°C))
water -5.5£1.0 0.58 4200
rubber -10.8+0.4 0.27 1700

2.2  Heat Transfer Equations

The analysis of the operational scenarios of the water system showed that when water
filled before the flight, the zero flow state of the pipelines was the most severe condi-
tion. The water flow in the pipelines dissipated heat into the compartments through the
wall of the pipelines. While the water temperature inside the pipeline decreased, the
heat transfer also gradually decreased. This process is a non-steady heat transfer pro-
cess.
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For the convenience of calculation, the following assumptions were made:

1) The temperature of the water flow was the same as the temperature of the inner
wall of the pipeline;

2) When the time element dt is small enough, it is considered that the wall tempera-
ture of the tube remains constant during this time period, and the wall temperature in
the next element varied.

According to heat transfer theory [9], the heat loss of water flow through the pipe
wall during the dt time was shown in formula (1) and the water temperature decreased
as shown in formula (2):

O (1)
(Ind,/d,)/ A+2L/ hd,
g 9 2)
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Wherein

dp -inner diameter of pipelines, m;

di-outside diameter of pipelines, m;

Trtemperature of inner wall of pipelines, °C;

T..-environmental temperature, °C;

A- thermal conductivity, W/(m-K);

h- heat transfer coefficient, W/(m?-K);

cp-specific heat capacity, J/ (kg-K).

Because water temperature inside the pipelines was low, the radiation could be ne-
glected. The heat loss mainly included the heat transferred to the compartments. For a
typical pipeline model, the calculation for convective heat transfer coefficient was as
follows in formula (3)- formula (5):

h =5 3
r dO
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Wherein,
dp -inner diameter of pipelines, m;
T,.-temperature of outside wall of pipelines, °C;
T..-environmental temperature, °C;
A- thermal conductivity, W/(m-K);
g- heat transfer coefficient, m/s*;

v - dynamic viscosity of air, m%/s.
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2.3  Heat Transfer Equations with Inner Heat Source

After adding electric heat tracing, it was necessary to calculate the temperature distri-
bution inside the pipelines to verify the effectiveness of electric heat tracing. The non-
steady heat transfer process with an internal heat source satisfies the following formula
(6). Due to the symmetrical distribution of temperature along the radius inside the pipe-
lines, the temperature at points on the same circumference was equal. Therefore, for-
mula (6) could be transformed into a two-dimensional problem with (r, z) coordinates,
as shown in formula (7).

pcgzi[lg}ri lg +£[latj+d) (©)
ér ox\  o&x) oyl ¢oy) éz\ ¢z
pcﬁ_lﬁ[hﬁj_épﬁqub (7)
ot reor °r) &z\ ¢z

Wherein,

p—density, kg/m?

c-specific heat capacity, J/ (kg-K).

A- thermal conductivity, W/(m-K);

®-inner heat source, W/m?;

r- radius, m.

MATLAB PDE-tool provides a powerful and flexible environment for solving two-
dimensional finite element partial differential equations [10]. The boundary conditions
should set as following:

1) The left and right boundaries of the analysis domain, representing the two ends of
the pipelines, and the upper boundary of the analysis domain, representing the outside
wall of the pipelines, were all the Newman boundaries. The convective heat transfer
coefficients of the pipelines in enclosed and semi-open compartments were the same as
before;

2) The lower boundary of the analysis domain is the center of the pipeline, and the
heat flux density on this boundary was 0.

3 Results and Discussion

3.1 Heat Loss in the Different Compartments

Taking a one-meter-long pipeline as an example, the heat loss and temperature varying
with time in semi-open and enclosed compartments were studied, as shown in Fig. 1.
According to Fig. 1, the water temperature in the pipelines gradually decreased with
time, while the cooling rate gradually decreased. The heat loss of the pipelines gradu-
ally increased with time, while the rate of increase gradually slowed down. Because of
lower ambient temperature and stronger heat transfer effectiveness in semi-open com-
partments, the pipelines water temperature dropped significantly faster than that in en-
closed compartments at the same temperature, and the rate of heat loss in semi-open
compartments is significantly higher than that in enclosed compartments. When the
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filled water temperature was 25°C, in enclosed compartments, the water temperature
decreased to 0°C after about 1500s, and then the water temperature was no longer re-
duced with liberating the latent heat of condensation. Within half an hour before flight,
the water in the pipelines would not freeze; In the semi-open compartment, the water
temperature decreased to 0°C after about 750s, and then changed similar to that in en-
closed compartments. Within half an hour before the flight, the water in the pipeline
would not freeze.
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Fig. 1. The graph of temperature and heat loss variation with time

To ensure that water temperature would not drop to excessively low during long-
term service before flight, the target temperature for the pipelines was usually set at
around (6 £2) °C. When the water temperature dropped to 6 °C, if the electric heat
tracing supplemented the heat equivalent to the heat loss, the water temperature would
not continue to decrease. In order to maintain the water temperature, the average heat
loss power within the range of 5 °C -10 °C was used as the design power for electric
heat tracing. According to the Fig. 1, the time points of water temperature at 5 °C and
10 °C in enclosed compartments and semi-open compartments could be captured, that
is, the x-coordinates of points A and B, and the x-coordinates of points A 'and B'. The
heat loss during this time interval could be captured, that is, the y-coordinate of points
C and D, and the y-coordinate of points C 'and D'.

Therefore, for 12.7 mm-diameter pipelines in enclosed and semi-open compart-
ments, the recommended powers of the electric heat tracing were shown in Table 3.

Table 3. Recommended powers of the electric heat tracing

Areas Powers of the electric heat tracing (W/m)

Enclosed compartments 9.50

Semi-open compartments 18.20
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3.2 The Temperature Distribution of Pipelines with Electric Heat
Tracing

After adding the electric heat tracing according to Table 3, the temperature distributions
inside the pipelines were shown in the Fig. 2 and Fig. 3. Due to convective heat transfer,
there was a significant temperature gradient between the left and right sides of the pipe-
line, as well as the pipeline wall, and the pipelines water temperature.

Assuming the initial temperature of the water inside the pipelines was 10 °C, in en-
closed compartments, after 1800s, the water temperature in the core area was about
5.6 °C, while that of the pipe wall was about 4 °C. After 3600s, the water temperature
in the core area rose to 6 °C, while that of the pipe wall was about 4 °C. After 7200s,
the temperature stayed equally to that at 3600s, indicating that after an hour, the tem-
perature distribution in the pipelines was basically stable, with a water temperature of
about 6 °C which was within target temperature.
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Fig. 2. Temperature distribution of pipelines in enclosed compartments
In semi-open compartments, after 1800s, the water temperature in the core area was

about 6 °C, while that of the pipe wall was about 4 °C. After 3600s, the water temper-
ature in the core area rose to 6.5 °C, while that of the pipe wall was about 4 °C. After
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7200s, the water temperature in the core area rose to 7 °C, while that of the pipe wall
was about 4.5 °C. In 2 hours, in the semi-open compartment, the water temperature in
the pipelines was 6 °C -7 °C, within the target temperature.

Time=1800 Color: T Height: T Time=3600 Color: T Height: T
6 65
58
65 7
56 6
6 65
5.4
55 6
52 55
5 55
5
45 5
48 5
4 45
46
35 4
002 44 002 45
0015 ! 42 0015 !
05 14 05
001 0.01 4
0 0
(a) at 1800 s (b) at 3600 s

Time=7200 Color: T Height: T

7 X
65
6 6
55
55
5
45
5
4
002
4
0015 48
05
0.01
0

(c) at 7200 s

Fig. 3. Temperature distribution of pipelines in semi-open compartments

4 Conclusion

The water temperature and heat loss of the pipelines in enclosed and semi-open com-
partments varied with time similarly. The water temperature decreased with time, and
the rate of decrease gradually slowed down; The heat loss increased with time, and the
rate of increase gradually slowed down. Because of the lower ambient temperature and
stronger heat transfer effectiveness, the water temperature in the semi- open compart-
ments dropped faster and the heat loss was greater.

MATLAB PDE-tool can solve two-dimensional differential equations containing in-
ternal heat sources, which could display the temperature distribution inside the pipe-
lines at different time points.
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Using the average heat loss power within the range of 5 °C-10 °C as the design power
for electric heating, the water temperature could be maintained at the target temperature
of (6+2) °C within 2 hours.
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