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Abstract

The water curtain spray system of the ship helps reduce surface thermal load and lowers thermal infrared radiation, notably enhancing the
stealth and survivability of naval ships. The performance of the water curtain spray system is largely influenced by the density of the nozzles
and their installation height. Therefore, a test platform was established to investigate these critical influencing factors, employing an orthogonal
design methodology for the experimental study. Specifically, the study evaluated the effects of varying distances to the steel plate target and
different injection heights on the cooling performance of the system. Results demonstrate that using one nozzle per 4 square meters of the ship’s
surface area effectively lowers the surface temperature, bringing it closer to the ambient background temperature. This nozzle configuration
creates irregular infrared heat patterns, which complicate the task for infrared detectors to discern the ship’s outline, thus enhancing its infrared
stealth. Additionally, maintaining the nozzle installation height within 0.6 m to prevent the temperature difference between the steel plate and
the background temperature from exceeding 4 K. Moreover, as the infrared imaging distance increases from 3 to 9 m, the temperature difference
measured by the thermocouple and the infrared imager increases by 141.27%. Furthermore, with the increase in infrared imaging distance, the
infrared temperature of the target steel plate approaches the background temperature, indicating improved detectability. These findings have
significantly enhanced the stealth capabilities of naval ships, maximizing their immunity to infrared-guided weapon attacks. Moreover, their
importance in improving the survivability of ships on the water surface cannot be underestimated.

Keywords Ship water curtain stealth; Water curtain nozzles; Water curtain cooling; Infrared shielding; Infrared stealth

1 Introduction

Naval ships typically emit infrared radiation in the 8—
14 um wavelength range, making it crucial for achieving
concealment within this spectrum. To accomplish this, a
common approach is the implementation of water curtain
spraying technology on the surface of the ship. This method
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nature and enhancing its stealth capabilities.
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involves directing water jets onto the surface to achieve
cooling effects while forming a water curtain around the
ship. The water curtain effectively conceals its surface
radiation, reducing the likelihood of detection by infrared-
guided weapons.

The primary function of water curtain spraying is to
effectively lower the surface temperature of the ship’s deck,
bringing it closer to the temperature of the surrounding sea
surface. Additionally, this technique creates a water film
on the surface of the ship, increasing the similarity between
the ship’s infrared emissivity and that of the sea surface.
Consequently, this enhanced similarity poses challenges
for infrared detectors in identifying the ship. Researchers
have conducted studies on the cooling characteristics of
the water curtain to investigate the cooling effects of water
curtain spraying, improve its cooling capabilities, and min-
imize the operational energy consumption of the system.

Lee et al. (2011) investigated the effect of cooling water
temperature on the quenching efficiency of high-tempera-
ture steel plates. They used a test block assembly equipped
with a heat flux meter to measure the distribution of heat
flux on the surface. The experimental results indicated that
as the cooling water temperature decreased, the heat transfer
coefficient increased, leading to a more rapid reduction in
surface temperature. Zhang et al. (2013) conducted continu-
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ous and intermittent spray cooling heat transfer experiments
on a flat surface to examine the effects of spray period, duty
cycle, and spray time. Their findings revealed that continu-
ous spray cooling resulted in notably higher heat flux den-
sity and heat transfer coefficient compared to intermittent
spray cooling. However, intermittent spray cooling exhibited
higher unit water heat dissipation and a more effective
heat transfer coefficient than continuous spray cooling.
Fu et al. (2015) performed experimental research on spray
cooling of high-temperature steel plates, using inverse heat
transfer analysis to calculate the surface heat transfer coef-
ficient, temperature distribution, heat flux density, and cool-
ing rate. They analyzed the effect of the spray inclination
angle on the cooling rate and found that when the spray
angle relative to the steel plate was 30°, the critical heat
flux density and the average cooling rate of the steel plate
reached their maximum values. Jha et al. (2016) replaced
the pure water curtain spray with air-assisted atomized
spray and investigated heat transfer on a static surface.
They found that, in cases where the air-assisted atomized
spray produced finer water droplets, an increase in water
flow velocity had the most notable effect on the cooling
rate. Hadipour et al. (2020) designed a pulse spray water
cooling system and compared its performance with a con-
stant flow spray cooling system. They discovered that, for
the same cooling effect on the target, the pulse spray sys-
tem reduced water consumption to one-ninth of that required
by the constant flow cooling system. Vaitekunas and Alek-
sandrov (2018) evaluated the transient performance of
compartment-activated ship water cooling systems using
the ShipIR/NTCS technique. Their study included a laminar
water film convection model to simulate the cooling effects
of the activated water spray. Riaz et al. (2022) conducted
experimental research to compare the cooling efficiency of
hybrid nanofluid spray with that of water spray cooling.
Their findings revealed that the cooling efficiency of the
hybrid nanofluid spray was more than twice that of the
water spray cooling.

The shielding effect of the water curtain system on the
thermal characteristics of a ship’s hull is primarily attributed
to the absorptive and scattering properties of the water drop-
lets. Researchers have investigated the mechanisms involved
in water mist generation by the nozzles to elucidate the
capability of the water curtain to suppress infrared radia-
tion from heat sources. Furthermore, based on Mie theory,
extensive studies have been conducted to explore the infra-
red shielding characteristics of water curtains. In the 1970s,
Carlon (1970) discovered that the aerosol form of liquid
water exhibits drastically higher infrared radiation capability
in the 8—13 um wavelength range compared to water vapor.
Furthermore, the aerosol form of liquid water demonstrates
a pronounced absorption effect on infrared radiation. Rob-
ert et al. (1976) conducted an analysis using two sets of data
to assess the absorption effects of atmospheric water con-
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tent on infrared radiation in the 8—12 pm wavelength range.
They proposed improvements to the LOWTRAN atmospheric
model, which was then used to model continuous water
vapor absorption in the 8—12 um infrared window region.
Tseng and Viskanta (2007) applied Mie theory and radia-
tion transfer theory to develop an empirical equation for
accounting for the radiation transfer of water mist curtains
in computational fluid dynamics (CFD) simulations. Voyt-
kov et al. (2021) studied changes in droplet size and veloc-
ity in water curtains under different levels of radiation
power. Based on their experimental results, they concluded
that the droplet diameter should range from 0.15 to 0.6 mm
when the water flow rate in the water curtain is between
0.5 to 1 L/(m*-s). Otherwise, the efficiency of the water
curtain can be reduced to one-third to one-half of its origi-
nal value. Morales et al. (2022) developed a mathematical
model to describe the atomization process of molten metal
spray, which was used to predict the velocity characteris-
tics of water droplets and carrier gases in a flat fan-shaped
spray pattern. Kapilavai et al. (2012) conducted experi-
mental tests and numerical simulations on the flow field of
a corona nozzle, analyzing the flow structure, unsteady
characteristics, and static pressure distribution. They also
summarized the spray performance of the corona plug noz-
zle under various operating conditions. Atmaca et al. (2021)
investigated the spray characteristics of nozzles with dif-
ferent geometric shapes using CFD simulations, compar-
ing their flow rates, velocities, and pressures. Their study
revealed that circular nozzles exhibited the best perfor-
mance, while square and triangular nozzles demonstrated
relatively inferior performance. Buchlin (2005) studied the
performance of water curtains through model development,
laboratory experiments, and on-site product testing. He
found that vertically downward water curtains achieved
50%—75% infrared radiation attenuation, while water cur-
tains impinging on a wall could attenuate up to 90% of
infrared radiation. However, in subsequent research, Buch-
lin (2017) noted that while wall-impinging water curtains
offered better performance, they could also double the
water consumption. Similarly, Parent (2006) used simula-
tion and experimental techniques to examine the effect of
water mist on radiation attenuation, determining that the
lateral movement of monitoring devices had a larger impact
on changes in infrared radiation attenuation. Boulet (2006)
confirmed the attenuating effect of droplets on full-spec-
trum infrared radiation through various experimental con-
figurations, ranging from single to multiple nozzles.

In practical applications, corner areas of ship superstruc-
tures and other regions with holes, crevices, or similar
structural features are prone to accumulating “air nuclei”.
The presence of air in these areas can reduce the effective-
ness of spray water coverage, leading to insufficient heat
exchange with the steel plate in these regions and ultimately
diminishing the overall performance of the water curtain.
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The interaction of bubbles and the transfer of energy are
crucial to the efficacy of water curtain spraying. Research-
ers such as Zhang have extensively explored the forma-
tion, rupture, and environmental impact of bubbles in this
context (Zhang, 2023; Cui, 2021).

The above research presents key findings on water curtain
cooling and its shielding properties. The research includes
experimental investigations into different spraying meth-
ods (continuous and intermittent spraying), spray inclina-
tion angles, spray periods, and other factors. Additionally,
the studies examine the effectiveness of the water curtain
system in shielding the thermal characteristics of ships.
These studies have uncovered a remarkable phenomenon:
increasing the thickness of the water film, enhancing the
flow rate of the water film, and reducing the radius of
water mist particles all contribute effectively to improving
infrared stealth. However, certain challenges in directly
applying these microscopic experimental results to practi-
cal ship engineering and the layout of infrared stealth sys-
tems are encountered. These challenges are primarily due
to the difficulty in precisely controlling microscopic water
films and curtains in actual operations. Accordingly, this
paper provides a comprehensive analysis of the layout strat-
egy for ship water curtain nozzles, considering the coverage
range of the water curtain under different layout schemes,
the cooling effect of the spray on steel plates, and its
shielding effect against infrared radiation. This in-depth
examination is crucial for translating theoretical findings
into practical engineering solutions that can be effectively
implemented in the design and deployment of infrared
stealth systems for naval ships. Additionally, infrared imag-
ing is used to compare the surface temperatures of the tar-
get with the surrounding environmental temperatures, thus
validating the effectiveness of the water curtain in achieving
invisibility. This validation is crucial for identifying areas
for system optimization and improving its performance.

2 Experimental platform construction

2.1 Experimental system

The schematic of the experimental setup is shown in
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Figures 1 and 2. The system comprises the following: a
water tank, variable frequency booster pump, filter, flow
control valve, flow meter, temperature sensor, ship nozzle,
target steel plate, infrared thermal imager, and computer.
The pressure range provided by the variable frequency
booster pump is 0—0.7 MPa. The test water system is an
open water spray system. Figure 2 specifically shows the
following: 1-water supply tank; 2-nozzle assembly; 3-water
system; 4-water pipe; 2_a-nozzle; 2_b-adjustable bracket;
3 a-variable frequency booster pump; 3 b-valve; 3 c-flow
meter; 3_d-pressure gauge.

2.2 Main measuring equipment and their
operational principles

In this experiment, a fixed infrared thermal imager and
a K-type contact electronic thermometer were used to mea-
sure the temperature of the target steel plates. The infrared
imager had a spectral range of 7.5—14 pm, allowing for
noncontact measurement of the surface temperature distribu-
tion of the target object. The K-type contact electronic ther-
mometer, with a temperature range of —50—1 300 °C, pro-
vided localized temperature readings by directly contact-
ing the target object. The use of these instruments elimi-
nated the need for lens replacement or optical system
adjustments during the measurement process, ensuring
measurement system stability and improving the accuracy
of the experimental data.

3 Experimental study on spray cooling
characteristics

3.1 Steel plate zoning experiment with different
spacing between plates

Large surface areas of ship steel plates present challenges
when conducting experiments to observe the cooling effects
of nozzles on different regions of the ship’s surface. The
plates are heavy, difficult to move, and challenging to uni-
formly heat, making it hard to simulate the temperature
distribution before activating the ship’s water curtain. To
address this issue, a feasible approach is to divide the steel

Infrared thermal imager

o

booster pump

Figure 1 Schematic of the principle for the experimental setup

77 777777 7 7 7

Target steel plate Computer
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Figure2 Schematic of the experimental setup

plates into smaller sections and arrange them in different
zones. This approach enables the observation of nozzle
cooling effects on various areas of the surface. Moreover,
the approach facilitates the exploration of optimal nozzle
layout density for parallel spray applications in ship water
curtain infrared stealth systems.

In the experiment, five steel plates were selected, each
measuring 0.5m x 0.5m x 0.012m. By adjusting the dis-
tance between the steel plates (¢ = 0.5 m, 1 m, 1.5 m), differ-
ent partitioning effects were achieved to simulate large steel
plates with different surface areas, as shown in Figure 3.
The nozzle positions were set horizontally at a distance of
3.75 m from the center of the partitioned steel plates. When
d = 0.5 m, the cooling effects on the steel plate surface
were observed within a range of 3 to 4.5 m from the noz-
zle, simulating the nozzle spray on a steel plate with an
area of 2.25 m*>. When d = 1 m, the cooling effects were
observed on the steel plate surface within a range of 2.75
to 4.75 m from the nozzle, simulating the nozzle spray on
a steel plate with an area of 4 m’>. When d = 1.5 m, the
cooling effects were observed on the steel plate surface
within a range of 2.5-5 m from the nozzle, simulating the
nozzle spray on a steel plate with an area of 6.25 m”.

During the experiment, the nozzles were configured to
operate in a parallel spray arrangement, with a spray
height (H) of 0.6 m. An infrared thermal imager was used
throughout the testing process to measure the surface tem-
perature of the steel plates, capturing temperature distribu-
tions and cooling effects across the different partitioned
areas. A comparative analysis was then conducted to exam-
ine and interpret the experimental results.

The target steel plates were heated using the water bath
method. The target steel plates were placed in a container,
and electric heating rods were activated to heat the water,
as shown in Figure 4.

During the heating process, localized high-temperature
regions were observed on the target steel plates due to the
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(b) Relative position of the steel plate to the nozzle

Figure 3 Schematic of the relationship between steel plate placement

Heating rod

Figure 4 Heating by water bath

uneven distribution of heat sources. To mitigate this phe-
nomenon, this experimental setup involved continuous stir-
ring of the heating container to ensure a more uniform heat
distribution. Additionally, during temperature testing, the
steel plates were allowed to cool for a few minutes to facil-
itate even heat dissipation. After heating, the highest tem-
perature on the steel plate surface reached 56.4 °C, the low-
est temperature was 54.76 °C, and the average temperature
was 55.63 °C, indicating good overall temperature unifor-
mity across the steel plates.

The plates were removed from the water bath heating
and allowed to cool in the ambient environment, ensur-
ing uniform temperature distribution across the target
steel plates and enabling consistent comparison between
multiple water curtain cooling experiments. They were
left to cool until their temperatures stabilized at approxi-
mately 47 °C before the tests were conducted. Upon acti-
vating the spray, an infrared thermal imager was used to
capture continuous images of the steel plates in front of
the water curtain, documenting the cooling process. Figure 5
shows the temperature distribution variations on the steel
plates during a 60-s spray for different steel plate spacing
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Figure 5 Temperature distribution of steel plates at different times

Nozzle

3.5m

e S R

Minimum spraying distance

Maximum
spraying
distance

12s

Nozzle

3.5m

e |

Minimum spraying distance

Maximum
spraying
distance

36s

Nozzle

35m

Seed

Minimum spraying distance

Maximum
spraying
distance

@ Springer



574

Journal of Marine Science and Application

configurations. Concurrently, an infrared thermography cam-
era was used to monitor the average temperature of each
steel plate and compare it with the background tempera-
ture. The steel plates are marked with serial numbers, as
depicted in Figure 6. Figure 7 illustrates the temporal tem-
perature variations of the target steel plates at three differ-
ent spacing configurations.

Figure 6 Steel plates with serial numbers
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Figure7 Variation of steel plate temperatures with time
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As shown in Figures 5(a) and 5(b), when the spacing
between the steel plates was 0.5 m, all five steel plates were
within the effective spray coverage of the nozzles, result-
ing in similar flow distributions and high-temperature uni-
formity across the plates. However, with a spacing of 1 m,
the increased area occupied by the steel plates extended
into the nozzle’s coverage area, leading to greater discrep-
ancies in flow distribution across the plates. Consequently,
at 12 and 24 s of spraying, as shown in Figure 7, notable
temperature differences were observed among the five steel
plates, with the disparity in temperature gradients gradually
decreasing as the spraying duration increased. At 60 s of
spraying, the temperature of all five steel plates stabilized
approximately 36 °C, with no notable temperature differ-
ences remaining. In Figure 5(c), with a spacing of 1.5 m,
noticeable temperature differences persisted among the
five steel plates throughout the spraying process. At this
juncture, Steel Plates 1, 3, and 4 continue to receive cool-
ing from the spray, leading to a relatively faster rate of tem-
perature decrease. In contrast, Steel Plates 2 and Plate 5
have moved outside the primary coverage area of the spray,
no longer receiving the cooling effect. As depicted in
Figure 7, after 60 s of spraying, the temperature of Steel
Plate 2 remains approximately 40 °C, while the average
temperature of Steel Plate 5 reaches approximately 42 °C.

Notably, the smaller the temperature difference between
the target surface and the background as detected by the
infrared detector, the more difficult it becomes for the detec-
tor to effectively distinguish the target, thus enhancing
infrared stealth. In engineering applications, infrared stealth
is generally achieved when the temperature difference
between the target and the background radiation is less than
4 K. Figure 8 illustrates the temperature differences between
the target steel plates and the ambient environment at three
distinct spacings.

When the spacing between the steel plates is set to 0.5
or 1 m, as indicated in Figure 8, the average temperature
difference between most of the steel plates and the ambi-
ent environment decreases to below 4 K after 60 s of spray-
ing. However, when the spacing is increased to 1.5 m, the
average temperature difference between the steel plates
and the ambient environment remains above 4 K.

However, in reality, the thermal infrared radiation of the
background is not uniformly distributed as often assumed.
In such cases, if the thermal infrared radiation of the target
is uniformly distributed, then it becomes relatively easy
for the thermal imaging system to detect the outline of the
target. If 4 K is still regarded as the minimum temperature
difference for the detector to analyze and distinguish the
target, then the temperature difference between the lowest
and highest temperatures on the steel plate surface within
the area corresponding to 4 K should not be less than 4 K.
This condition ensures that the detector can identify the
nonuniform radiation. For the target steel plates in this
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Figure 8 Variation of temperature differences with time

experiment, infrared stealth is achieved when the infrared
thermal imager detects that the lowest surface temperature
of the plate is within 4 K of the surrounding water temper-
ature and the temperature difference between the highest
and lowest points on the steel plate surface is no less than
4 K. The background water temperature, which is the same
as the spray water temperature, is 29 °C. After spraying,
the infrared thermal imager detects the maximum and min-
imum temperatures of the steel plates at different spacings,
as shown in Figure 9.

Figure 9 shows that when the spacing between the steel
plates is 1.5 m, the minimum temperature detected by the
infrared thermal imager on the steel plate surface exceeds
4 K compared to the background temperature, thereby meet-
ing the requirement for achieving infrared stealth. However,
when the spacing between the steel plates is 0.5 or 1 m,
the minimum temperature detected by the infrared thermal
imager on the steel plate surface is less than 4 K compared
to the background temperature. When the steel plates are

44
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Figure 9 Maximum and minimum plate temperatures at different d

arranged with a spacing of 0.5 m, the temperature differ-
ence on the steel plate surface detected by the infrared
thermal imager is less than 4 K. However, when the spac-
ing is increased to 1 or 1.5 m, the temperature difference
between the steel plates exceeds 4 K.

For practical naval ships, the division of steel plates
with different spacing simulates large steel plates covering
the entire surface area. Based on the above results, when
one nozzle is placed for every 2.25 m’ of steel plate on the
ship’s surface, the spray effectively reduces the tempera-
ture of the steel plates. However, this arrangement causes
the surface temperature of the ship to become excessively
uniform, making it easier for infrared detectors to distin-
guish the outline of the ship against the nonuniform back-
ground infrared radiation of the sea surface. Conversely,
when one nozzle is placed for every 6.25 m* of steel plate
on the ship’s surface, the spray cannot achieve effective
infrared shielding, resulting in a large temperature differ-
ence between the surface of the ship and the background,
failing to ensure infrared stealth. However, when one noz-
zle is placed for every 4 m* of steel plate on the ship’s sur-
face, the spray effectively lowers the surface temperature
of the ship to closely match the background ambient tem-
perature. Additionally, this configuration ensures an uneven
thermal image of the ship on the infrared detector, making
it more similar to the background radiation. Therefore, the
detector encounters difficulties in discerning the outline of
the ship, thereby achieving the purpose of infrared stealth
and enhancing the capability of the ship to remain unde-
tected in infrared stealth.

3.2 Orthogonal experiment of different spacing
between steel plates and spray height

Similarly, five identical steel plates were selected for the
experiment, and orthogonal tests were conducted with vary-
ing spraying heights H (0.2, 0.4, 0.6, 0.8, and 1 m), along
with the previously mentioned steel plate spacing d, to
investigate the optimal nozzle height for parallel spraying
in the infrared stealth system for naval ships. The spraying
radius and coverage during nozzle operation were measured
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using a tape measure. The spraying ranges at different
heights are presented in Table 1. Figure 10 illustrates the
temperature distribution of the steel plates, as detected by
the infrared detector, after orthogonalizing the parameters
dand H.

Table 1 Nozzle spray range at different heights
Namber i s ()
1 0.2 1.6 3.9
2 0.4 1.8 42
3 0.6 2.1 4.8
4 0.8 22 5.0
5 1.0 2.4 5.4

Still considering 4 K as the minimum temperature dif-
ference for target detection, and based on the analysis in
Figure 10, when H = 0.2 m, the maximum spraying radius
is 3.9 m, resulting in a considerable cooling effect on the
steel plate surface within a range of 3 m. The infrared
imager detects that the steel plate surface temperature
drops to within 4 K of the background temperature. When
H = 0.4 m, the maximum spraying radius extends to 4.2 m,
achieving a good cooling effect on the steel plate surface
within a range of 4 m, with the infrared imager again
detecting a temperature difference of less than 4 K com-
pared to the background temperature. However, when the
spraying height H is greater than or equal to 0.6 m, despite
the increase of spraying range with height, the cooling
effect on the steel plate surface becomes less effective. The
infrared imager detects that the surface temperature of the
steel plate drops to more than 4 K below the background
temperature, which does not meet the requirements for
infrared stealth. Therefore, when installing nozzles for the
infrared stealth system of naval ships, controlling the noz-
zle installation height within 0.6 m is necessary. Addition-
ally, the horizontal placement of the nozzles should be
based on the required nozzle density to achieve optimal
performance.

4 Infrared imaging distance experiment

For thermal infrared detection, guidance, and thermal
infrared camouflage, the infrared detection distance is a crit-
ical factor. In thermal infrared detection, the detector must
be able to image the target from a sufficient distance to
obtain accurate information. Similarly, for the thermal
infrared camouflage, the detection distance must be care-
fully considered to ensure the target remains undetectable
by the infrared detector. Therefore, the detection distance
is a key parameter for infrared detectors, requiring thor-
ough consideration and optimization in practical applica-
tions. Additionally, during nozzle spraying to cool the sur-
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face steel plates of a naval ship, the horizontal spray of
water mist creates a masking effect on the infrared radia-
tion emitted by the steel plates. Hence, conducting experi-
ments that investigate the combined effect of water curtain
spraying, in terms of cooling the steel plates and providing
infrared masking, is essential.

A steel plate with dimensions of 1 m X 1 m was selected
for the experiment. This plate was selected to facilitate the
investigation of the effect of the detection distance of the
infrared detector on its detection results and to assess the
impact of the water curtain infrared masking effect at dif-
ferent detection distances on the measurement of steel
plate surface temperatures. This plate was vertically placed
at a certain angle to simulate the side wall steel plate of a
naval ship, as shown in Figure 11(a). The spraying height
of the nozzle was adjusted to align with the highest point
of the steel plate, as shown in Figure 11(b). An infrared
imager was used during the experiment to record the tem-
perature of the steel plate at distances of 3, 6, and 9 m
away from the steel plate after spraying.

Figure 12 presents the temperature distribution of the
steel plate, as detected by the infrared detector, after 60 s
of spraying at different detection distances.

As shown in Figure 12, as the infrared detection dis-
tance increases, the observable imaging area of the steel
plate decreases, and the infrared stealth effect gradually
enhances. This phenomenon corresponds to the basic prin-
ciples of infrared radiation, as described by the following
equation: Lecg- o+ T*-exp( —a- R). The radiance intensity
L at the observation point is directly proportional to the
emissivity (blackness) ¢ and the fourth power of the tem-
perature T of the steel plate, while it is inversely propor-
tional to the detection distance R. Therefore, assuming that
the emissivity &, temperature 7, and extinction coefficient
o for various wavelengths remain constant, an increase
in detection distance leads to a gradual reduction in the
detected surface temperature of the steel plate. Consequently,
the high-temperature areas become less pronounced, fur-
ther enhancing the infrared stealth effect.

Simultaneous temperature measurements of the target
steel plate were conducted using a thermocouple and an
infrared thermal imager. Table 2 shows the temperature
data collected at different time intervals and varying detec-
tion distances.

As shown in Table 2, during the spray cooling process,
the temperature difference between the interior and exterior
of the water curtain becomes more pronounced as the spray-
ing time increases. Notably, the temperatures obtained from
the thermocouples are generally higher compared to the
target temperatures collected from the infrared thermal
imager. This finding indicates that the water curtain effec-
tively cools down the target steel plate and provides a cer-
tain level of infrared radiation shielding, thereby reducing
the infrared detectability of the ship’s hull and achieving
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Figure 10 Temperature distribution of steel plates after orthogonalization of d and H
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(a) Spraying effect on steel plate (b) Relative positioning of vertical steel plate to the nozzle

Figure 11 Schematic of the infrared detection experimental setup

Figure 12 Temperature distribution of steel plates at different detection distances

Table2 Temperature measurements at different times of day and at different detection distances

Temperature measurement time (s)  Detection distance (m) ~ Thermocouple (°C) Infrared thermal imager (°C) Difference (°C)
3 4591 44.45 1.46
10 6 45.12 43.78 1.34
9 45.48 42.36 3.12
3 42.43 40.78 1.65
20 6 42.37 40.25 2.12
9 42.57 39.64 2.93
3 41.81 40.28 1.53
30 6 41.24 39.46 1.78
9 41.56 37.15 441
3 40.30 38.93 1.37
40 6 40.25 38.16 2.09
9 40.36 36.64 3.72
3 39.92 37.76 2.16
50 6 39.44 36.68 2.76
9 39.59 34.67 4.92
3 38.46 36.11 2.35
60 6 37.73 34.83 2.90
9 38.81 33.14 5.67

infrared stealth. Furthermore, as the detection distance two measurement methods increases by 141.27%. A larger
increases, the temperature difference between the target steel ~ difference indicates closer proximity to the background
plate and the background gradually diminishes. At 60 s,  temperature.

when the infrared imaging distance is increased from 3 to

6 m, the temperature difference between the readings from

the thermocouples and the infrared thermal imager increases 5 Conclusions

by 23.4%. When the infrared imaging distance is further

extended to 9 m, the temperature difference between the The present study established an experimental platform
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to investigate the infrared cooling and shielding effects on
naval ships using water curtains. Based on infrared imag-
ing technology, experiments were conducted to examine
the layout density and height of nozzles used for infrared
stealth in naval ships. Additionally, the study explored the
impact of different imaging distances on the infrared tem-
perature of steel plates and the shielding effect of water
mist on infrared radiation. The following conclusions were
drawn from the aforementioned experiments:

1) When one nozzle is installed for every 4 m* of ship
surface area, the spraying effectively lowers the surface
temperature to levels close to the ambient background tem-
perature. Simultaneously, this configuration ensures that
the ship produces an uneven image on the imaging thermo-
graph of the infrared detector, making it difficult for the
detector to identify the outline of the ship, thus aiding in
the achievement of infrared stealth for the ship.

2) For the installation of nozzles intended for ship water
curtain infrared stealth, the nozzle mounting height should
be kept within 0.6 m. Additionally, the horizontal placement
of the nozzles should be determined based on the required
nozzle density.

3) When the infrared imaging distance is increased from
3 to 9 m, the temperature difference between the measure-
ments taken by the thermocouples and those recorded by
the infrared imaging device increases by 141.27%. As the
infrared imaging distance increases, the infrared tempera-
ture of the target steel plate approaches that of the back-
ground temperature, making it more difficult to distinguish
the target.
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