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Abstract: Spray cooling has attracted significant attention as an effective
thermal management technique for electronic devices and high heat flux
density chips. In this paper, CiteSpace and VOSviewer were adopted to
quantitatively analyse the literature on spray cooling, pinpointing research
hotspots and recent advancements. Based on the Web of Science database,
956 articles published between 2008 and 2024 were examined. A
visual bibliometric analysis was conducted by CiteSpace and VOSviewer,
encompassing the spatio-temporal distribution of publications, collaborations,
keywords, and citation metrics. The results indicate that China, the USA, and
India are the leading contributors in this field. Current research trends are
shifting from traditional spray cooling towards applications in aerospace,
high-performance computing, and medical aesthetics, advancing the technology
toward multifunctional, eco-friendly, and sustainable directions. Furthermore,
keyword clustering analysis was performed to explore prospective research
trajectories. This study provides scholars a comprehensive understanding of
current research hotspots and emerging trendsin spray cooling.

Keywords: spray cooling; bibliometrics; cluster analysis, therma
management; keyword evolution.
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1 Introduction

In recent years, the rapid development of technologies, such as power batteries, aerospace
systems, supercomputers, and large scale artificia intelligence models, has accelerated
the miniaturisation and integration of electronic devices (Bellomo et al., 2025; Sundén
et a., 2017). Consequently, effective heat dissipation has become increasingly critical
across multiple fields (Parizad Benam et al., 2021; Cao et al., 2026). Researchers have
developed multiple highly efficient cooling techniques, including microchannel cooling
(Kwon et al., 2019), jet cooling (Ndao et a., 2014), and spray cooling (Ni and Ling,
2023). These methods have demonstrated exceptional results in heat transfer
enhancement and increasing critical heat flux (CHF). However, microchannel cooling
suffers from substantial pressure drops and susceptibility to clogging (Wang et al.,
2025b), while jet impingement cooling requires high jet velocities, leading to increased
pump power demand and overall system energy consumption (Eng Ewe et al., 2022).
Conversely, spray cooling overcomes these limitations and stands out due to its
advantages, including high heat flux removal capability, superior temperature uniformity,
low working fluid flow requirements, and a simple structural design, offering
considerable application potential and developmental prospects.

Spray cooling is a sophisticated thermal management technology adept at effectively
dissipating extremely high heat fluxes. Its fundamental mechanism involves atomising
the working fluid into fine droplets via a nozzle and uniformly applying them to
high-temperature surfaces (Chen et al., 2022). This approach ensures high heat transfer
efficiency, uniform temperature distribution, and minimal environmental constraints,
enabling its widespread use across diverse engineering applications (Fey et a., 2003;
Gong et a., 2023). The outstanding thermal performance of spray cooling is attributed to
its complex and unique heat transfer processes, including droplet evaporation, droplet
impact on heated surfaces, wall-film evaporation, nucleate boiling, and secondary
nucleation. Based on local surface heat flux conditions, spray cooling can be categorised
into single-phase and two-phase heat transfer regimes (Gong et a., 2023). In the
single-phase regime, droplets impact the surface and form a stable liquid film, where heat
transfer is primarily governed by forced convection with negligible film evaporation
(Chen et a., 2022). In the two-phase regime, heat transfer occurs through nucleate
boiling, transition boiling, and film boiling. During nucleate boiling, numerous nucleation
sites form, bubbles rapidly grow and detach, and heat is effectively removed through the
latent heat of vaporisation (Jin and Shirvan, 2021). Furthermore, secondary nucleation
induced by droplet impact can enhance heat transfer efficiency.

The performance of spray cooling is strongly influenced by operational and geometric
parameters, such as spray cone angle (Wang et al., 20253), nozzle height (Zhou et a.,
2017), working fluid mass flow rate (Yu et a., 2025), droplet velocity (Yao and Choit,
1987), droplet size distribution (Estes and Mudawar, 1995), injection pressure (Hou et al.,
2013), and nozzle geometry (Wang et al., 2024b). Optimising these factors improves
droplet distribution, facilitates liquid film formation, and enhances surface nucleation
conditions, thereby increasing overall heat transfer performance.
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Surface characteristics also play a critical role in spray cooling. Studies have shown
that increasing the roughness of heated surfaces can accelerate the transition from
liquid film to nucleate boiling, significantly improving heat transfer performance
(Martinez-Galvén et a., 2013). Moreover, micro/nano-structured surfaces substantially
enhance gas-liquid phase-change heat transfer (Hu et al., 2025a; Martinez-Galvén et d.,
2013) by increasing nucleation site density, improving capillary liquid supply, and
suppressing stable vapour film formation. However, most research has focused on
the effects of individua parameters, neglecting systematic optimisation under
multi-parameter coupling conditions, especially at high heat flux densities or in
complex spray environments. Therefore, synergistic optimisation studies integrating
experimental and numerical approaches are essential to develop design guidelines for
high-performance heat management systems.

Despite significant advances in understanding droplet dynamics, heat transfer
mechanisms, and surface modifications, the current spray cooling literature remains
fragmented and compartmentalised. Many studies focus on isolated experimental or
simulation variables, resulting in limited cross-scale and cross-parameter comparisons.
This fragmented knowledge structure not only constrains the identification of new
research topics and strategies but also slows the transfer and application of innovations
across different domains. Consequently, bibliometric methods are needed to
systematically map the global knowledge landscape of spray cooling research, examining
its evolution, hotspots, and emerging trends.

Bibliometrics, developed in the 1950s, is a quantitative approach for analysing
academic literature using statistical and visualisation tools (Wallin, 2005). It can identify
leading authors, institutions, and countries within large, multidimensiona datasets, reveal
the evolution of research themes, and forecast potential breakthrough directions (Cabeza
et al., 2020; Hicks et a., 2015). Although bibliometric studies have been conducted in
niche areas such as cold spraying and regional temperature regulation (Abu Bakar et al.,
2023; Meng et a., 2022), no comprehensive bibliometric analysis exists for spray
cooling, particularly in relation to heat transfer science and thermal management. Table 1
summarises current bibliometric studies related to spray cooling.

Previous review studies have predominantly centred on the authors' theoretical and
experimental insights into spray cooling, delivering comprehensive elaborations from
multiple dimensions, including heat transfer mechanisms, surface microstructures,
working fluids and functiona additives. In contrast, the distinctive contribution of this
paper is its pioneering exploration of the spray cooling field from a bibliometric
perspective. Clustering analysis performed with the Linlog/modularity agorithm in
VOSviewer yielded valuable empirical conclusions. This comprehensive quantitative
insight represents a core merit that cannot be achieved through traditional qualitative
review approaches. Notably, this study pioneers the first customised bibliometric analysis
specifically targeting the heat transfer mechanisms and thermal management applications
of spray cooling. In contrast to adjacent research domains such as cold spraying, the
application of bibliometric methodologies in spray cooling research remains relatively
underdeveloped. Bridging this critical research gap congtitutes the core breakthrough
direction of the present work.
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Tablel A summary of bibliometric analyses on spray cooling

Author Applications Key findings

Mehmood Material Cold spray coating has potential applicationsin aircraft

et a. (2022) engineering  components, medical implants and protective coatings yet it
has received limited research attention, especialy in the
context of brittle materials, underscoring the necessity of
further studiesin thisfield.

Nugroho Surface While plasma spraying and high-vel ocity oxygen fuel (HVOF)

et a. (2025) engineering  dominate, emerging eco-friendly spray techniques and
Al-assisted designs constitute fewer than 10% of studies,
indicating future research opportunities.

Mengetal. Environmental Spray height wasidentified as a key factor governing heat

(2022) control transfer efficiency, while the operating water pressure of the
apparatus was regulated within the interval of 26 MPa. It was
found that the synergistic effect of high pressure and
small-diameter nozzles could enhance the spray performance
markedly.

The sections of this paper are organised as follows: Section 2 details the data sources and
research methodology, including the research framework, retrieval strategy, and selection
criteria. Section 3 presents a comprehensive analysis of the evolution of spray cooling
literature from 2008 to 2024, focusing on the relationships, contributions, and influence
of countries, ingtitutions, authors, and journals. Section 4 discusses development trends in
spray cooling and provides targeted recommendations.

2 Methodology

2.1 Data source and search criteria

The bibliographic dataset was obtained from the Web of Science Core Collection
(Clarivate Analytics, accessed in July 2025), awidely used and standardised database for
bibliometric research (Zhou et a., 2019). The search was limited to peer-reviewed
journa articles and review papers, excluded conference proceedings, book chapters,
editorial materials, and other non-research document types to ensure consistency and
quality.

Figurel Flowchart of paper selection process and visual analysis workflow (see online version
for colours)
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A systematic and reproducible search strategy was employed to retrieve publications
directly relevant to spray cooling. The primary query string was: TS = (‘spray cooling’
OR ‘cryogen spray cooling’ OR ‘spray evaporation'’ OR ‘spray boiling’ OR ‘droplet
impingement cooling’ OR ‘impinging spray’ OR ‘mist cooling’ OR ‘atomised cooling’)
AND TS = (‘heat transfer’ OR ‘high heat flux’ OR ‘therma management’) with the
publication period defined from 1 January 2008 to 31 December 2024. The initial search
retrieved 962 records, of which 956 articles remained after excluding non-English
articles. For bibliometric analysis, bibliographic information (including titles, authors,
abstracts, keywords, and citation information) was exported in full record and cited
references format.

As shown in Figure 1, deduplication was conducted by CiteSpace, confirming that no
duplicate entries were present. The cleaned dataset was subsequently prepared for
bibliometric mapping and knowledge-domain visualisation.

2.2 Bibliometric analysis and visualisation

Bibliometric analysis was performed by CiteSpace (version 6.4.R1) (Chen, 2006) and
VOSviewer (version 1.6.20) (Van Eck and Watman, 2010). The extracted metadata
included authors, keywords, institutional affiliations, countries/regions, journal sources,
and cited references. Standard bibliometric indicators (such as, annua publication
totals, citation frequencies, H-index, and betweenness centrality) were calculated to
characterised temporal trends, disciplinary distribution, and leading contributors in spray
cooling research. To investigate the intellectual structure and thematic evolution of the
field, VOSviewer was employed to construct co-authorship, institutional and national
collaboration networks, as well as keyword co-occurrence maps. CiteSpace was applied
for keyword clustering anaysis. Clustering is another technique used to enhance
bibliometric analysis, aiming to form thematic clusters based on the type of anaysis
conducted (Donthu et al., 2021). Anaysing the network clusters and tracking their
evolution can provide insights into the emergence and development of aresearch field.

In the visualisations, node size represents either publication output or citation
frequency (depending on the network type), link thickness indicates the strength of
co-occurrence or collaboration, and node colour denotes cluster membership in
VOSviewer or tempora segments in CiteSpace (Gao et a., 2019; Padilla et al., 2018).
Cluster analysis groups related keywords or references into major research themes, while
keyword evolution reveal s emerging topics and shifts in research focus.

3 Resultsand discussion

3.1 Anoverview of publication trend analysis

Annual publication output is a widely used indicator of a research field’'s activity,
knowledge accumulation, and degree of maturity. Figure 2 illustrates the annual number
of research and review articles on spray cooling from 2008 to 2024, revealing three
distinct developmental phases. The field has exhibited steady growth, with a cumulative
total of 956 papers indexed during this timeframe. Research papers have increased
consistently, while review articles display a more irregular pattern, showing only
moderate net growth over time.
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Figure2 Annua output and global distribution of spray cooling research (2008-2024)

(see online version for colours)
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Early germination phase (2008-2013): in thisinitial phase, publication volume was
relatively modest, averaging about 25 articles per year. Annual output fluctuated
considerably, indicating unstable growth. Most publications were research-focused,
with relatively few review papers. This trend can be attributed to the fact that spray
cooling was still in the theoretical exploratory phase of thermal management
research, with the primary focus on developing experimental procedures. During this
time, Silk et al. (2008) published an influential review that highlighted the
application of spray cooling in spaceflight, laying the groundwork for subsequent
investigations into its heat transfer mechanisms.

Seady development phase (2013—-2019): following the publication of two major
review articles, spray cooling attracted increasing attention from the research
community. Both research methodol ogies and theoretical foundations became more
mature. For example, Liang and Mudawar (2017a) identified the critical spray fluid
dynamics parameters influencing heat transfer performance and discussed
enhancement strategies such as micro-and macro-scale surface modifications, liquid
additives, and nanofluids. Cheng et al. (2016b) summarised research progress on
spray cooling heat transfer mechanisms across three regimes (single-phase,
two-phase, and CHF) and analysed influencing factors related to spray
characteristics, heating surfaces, fluids, and external conditions. These studies
demonstrated that application scenarios were expanding to fields such as electronic
chips and energy equipment, while research themes shifted from basic mechanics to
structural optimisation and application validation. This shift was driven primarily by
the need to refine existing technologies rather than explore entirely new domains.

Rapid explosion phase (2019-2024): the number of publications decreased in 2020,
which was likely a consegquence of the COVID-19 pandemic. Overal, the
guantitative growth rate remains consistent with the previous period, yet this phaseis
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defined by a qualitative shift in research focus. Spray cooling has gained prominence
in therma management due to the growing demands of big data, artificial
intelligence, cloud computing, and high-power electronic devices (Liu et a., 2023).
Advances in micro/nano manufacturing have accel erated the trandlation of research
into practical applications (Liu et a., 2025). This has led to a growing emphasis on
interdisciplinary integration, combining spray cooling with bio-inspired materials,
intelligent control algorithms, and multi-physics simulations. This shift reflects a
move from optimising existing systems to enabling new technologica paradigms,
signalling adistinct evolution despite similar growth trends.

3.2 Countries/regions

Between 2008 and 2024, researchers from 58 countries contributed to publications on
spray cooling. As shown in Figure 3, research output is unevenly distributed, with evident
regional clustering. In the visualisation, darker red shades represent higher publication
counts. The top five countries, namely China, USA, India, Germany, and England
account for nearly 70% of the 672 research and review articles published during this
period, underscoring China sleading role in advancing global spray cooling research.

Figure3 Geographical distribution of publications on spray cooling (2008-2024) (see online
version for colours)

To further examine international cooperation patterns, a scient metric collaboration
network was constructed in Figure 4. In the network visualisation, node size indicates
publication volume, node colour reflects average publication year (with darker shades
denoting earlier activity), circle distance represents collaboration strength, and link
thickness denotes cooperation frequency between countries or regions (Chen et a., 2023;
Liu et a., 2020). The results show that Chinais the most active country, followed by the
USA, England, Germany, and India.

Table 2 lists the top ten countries and regions ranked by publication count. China
(469 papers), USA (87 papers), and India (80 papers) occupy the top three positions. This
suggests that China, USA, and India dominate the global spray cooling landscape.
Chinese scholars alone account for over 50% of publicationsin this field and rank among
the highest in terms of international collaboration intensity. Chinais also the most central
node in the collaboration network, followed by the USA, England, India, and Australia.
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These countries are at the forefront of spray cooling research, with China, USA, and
India playing key roles in fostering international collaboration. Looking ahead, experts
from China, USA, and India are likely to remain crucia collaborators. Although
Australia produces fewer articles than England, its citation impact is comparable,
indicating that Australian research exerts substantia influence and is closely aligned with
emerging trends in the field. England, despite a lower publication and citation count,
ranks third in tota link strength, suggesting significant potential for further growth. To
summarise, research activity and collaboration in spray cooling are expanding globally,
encompassing countries at varying levels of economic devel opment.

Figure4 Internationa cooperation network overlay map (see online version for colours)

Table?2 Top-ten prolific countries in spray cooling

Rank Countries Documents  Total link strength Citation Centrality
1 China 469 93 10,290 0.63
2 USA 87 65 4,924 0.36
3 India 80 23 1,649 0.11
4 Germany 41 26 1,021 0.04
5 England 35 30 834 0.14
6 South Korea 34 20 578 0.01
7 Japan 31 12 433 0.02
8 Singapore 24 10 849 0.00
9 Czech Republic 19 8 266 0.03

10 Australia 16 11 813 0.06
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3.3 Institutions

A comprehensive examination of research institutions highlights major contributions, the
distribution of influence in spray cooling, and collaboration linkages. Seventy-five
universities were selected for analysis based on a threshold of at least five publications.
Figure 5 depicts the ingtitutional collaboration network, where node connections indicate
co-authorship between ingtitutions. The visualisation shows that many leading Chinese
universities (including Xi’an Jaotong University, Dalian University of Technology,
Chinese Academy of Sciences, and University of Science and Technology of China) form
atightly connected domestic cluster. In contrast, University of Illinois, Korea University,
and Nanyang Technological University constitute a significant international collaboration
group. Chinese Academy of Sciences exhibits the broadest collaboration, co-authoring
with 14 other ingtitutions. Xi’an Jiaotong University maintains particularly close ties with
Chinese Academy of Sciences, Jiangsu University, and University of Akron.

Figure5 Cooperation networks of ingtitutions (see online version for colours)

Table 3 ranks the top institutions by publication output. Xi’an Jiaotong University leads
with 70 publications and 1,521 citations, followed by Chinese Academy of Sciences
(57 publications, 1,834 citations) and Indian Ingtitute of Technology System (48
publications, 1,082 citations). Notably, Dalian University of Technology produced only
27 publications but achieved 1,236 citations, largely due to two highly cited review
papers by Liang and Mudawar (2017a, 2017b). In terms of betweenness centrality, only
Xi'an Jiaotong University exceeds 0.2, indicating that international institutional
cooperation remains limited, as also reflected in Figure 5. Greater cross-border
collaboration is therefore anticipated, which would enhance the global sharing of research
expertise and broaden research directions in spray cooling.

It is important to note that many articles are co-authored by researchers from multiple
universities and countries, which may result in double-counting in publication statistics
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(Wang et a., 20244). However, this has little impact on identifying the most influential
institutions within the field.

Table3 Top ten ingtitutions with the highest number of publications

Rank Ingtitution Country Documents Citation Centrality
1 Xi'an Jiaotong University China 70 1,521 0.26
Chinese Academy of Sciences China 57 1,834 0.15
Indian Institute of Technology System India 48 1,082 0.08
(I'T System)
4 Beihang University China 35 993 0.02
5 National Institute of Technology (NIT India 32 434 0.01
System)
6 University of Science and Technology ~ China 31 1,353 0.02
of China
7 Dalian University of Technology China 27 1,236 0.05
National Institute of Technology India 23 303 0.01
Rourkela
9 Indian Institute of Technology (11T India 22 620 0.00
Kharagpur)
10 Tsinghua University China 21 810 0.01
3.4 Authors

Price’s Law, formulated by Derek J. de Solla Price (the pioneer of scient metrics), is
expressed as follows (Shao et a., 2003):

M = 0.794% /Niac 1)

where M denotes the minimum number of publications required by core authors in a
given field, and Nmax represents the maximum number of core authorsin thefield.

The gtatistical analysisin Table 4 indicates that Nmax = 37. Substituting this value into
equation (1) yields M = 4.82. In spray cooling research, the threshold for identifying core
authors is set at five publications. Figure 6 presents the collaboration network among
researchers, where nodes represent authors, node size indicates publication count, and
links indicate cooperative relationships between scholars, typically signifying the
formation of research teams. The network reveals four mgjor collaborative clusters. the
red cluster led by Chen Bin and Zhou Zhifu, the green cluster led by Liu Xiufang and
Hou Yu, the blue cluster led by S.S. Mohapatra, and the yellow cluster led by A.R. Pati.
These clusters generally emerge through complementary expertise, shared resources,
accumulated academic networks, and long-term collaboration (Lariviére et al., 2015).
Their development highlights the presence of strong partnerships and shared research
interestsin the field of spray cooling.

Table 3 presents the ten most prolific authors and their institutional affiliations,
evaluated on the basis of publication count, total citations, and H-index. Chen Bin is the
most productive author, with 37 papers, 853 citations, and an H-index of 18,
demonstrating his substantial academic influence in spray cooling. Six of the top ten most
frequently cited authors are from China, three from India, and one from Singapore,
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indicating China's significant contributions to the field. Notably, Chakraborty Sudipto,
despite publishing only 20 papers, has received over 600 citations. His work
demonstrated that the use of nanofluids as coolants accelerates the transition from
transitional boiling to nucleate boiling. The enhancement in heat transfer is attributed to
nanoparticle deposition on heated surfaces during cooling, coupled with the improved
thermal conductivity of the base fluid.

Table4 Statistical table of core author information

Rank Discipline Ingtitution Countries Documents Citation  H-index
1 Chen Bin Xi'an Jiaotong China 37 853 18
University
2 Mohapatra National Institute of India 27 424 12
Soumya Technology (NIT
System)
3 Zhou Zhifu Xi’an Jiaotong China 26 814 17
University
4 Wang Ting Chinese Academy of China 21 513 14
Sciences
5 Chakraborty Indian Institute of India 20 600 14
Sudipto Technology
Kharagpur
6 Tian Jiameng  Jiangsu University China 20 333 11
SurjyaKanta Indian Institute of India 18 591 14
Pal Technology
Kharagpur
Li YunZe Beihang University China 18 697 13
9 Wong Teck Nanyang Singapore 16 694 16
Neng Technological
University
10 Cheng University of China 16 744 11
Wenlong Science and
Technology of
China

3.5 Analysisof journalsand journal co-citation

Journals serve as primary media for disseminating academic knowledge and publishing
research findings, acting as intermediaries that link research topics across different stages
of the academic process (Shao et a., 2022). Dzikowski (2018) demonstrated that the
frequency with which a book is cited in journa articles correlates positively with its
scholarly influence. Consequently, we examined the 30 journals with the highest
publication counts, as seen in Figure 7(a). International Journal of Heat and Mass
Transfer ranks first, with 145 papers on spray cooling, followed by Applied Thermal
Engineering with 137 papers, and International Journal of Thermal Sciences with 41
papers. These journas primarily publish advanced research on heat conduction,
convection, radiation, phase change, mass transfer, multiphase flow, and their
engineering applications.
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To evaluate the relative influence of these journals, we applied the co-citation
measure in VOSviewer [Figure 7(b)]. Connecting lines between journals indicate that
their papers were co-cited in subsequent studies, with line thickness representing
co-citation strength. The top three journals by co-citation frequency are International
Journal of Heat and Mass Transfer (5,091 citations), Applied Thermal Engineering
(4,355 citations), and Experimental Thermal and Fluid Science (953 citations). Beyond
citation counts, the co-citation network was segmented into three clusters, each identified
by adistinct colour. The red cluster consists of journals focusing on multiphase flow, heat
and mass transfer, often cited for synthesising existing knowledge and providing
direction for new research (Breitenbach et al., 2018; Cheng et a., 2016a). The blue
cluster includes journals (such as Energy Conversion and Management and Energy)
which emphasise renewable energy topics, including photovoltaic systems (Bevilacqua
et a., 2020) and solar therma power (Ge et a., 2018). The green cluster comprises
journal (such as, Physics of Fluids and Langmuir), which concentrate on spray dynamics,
fragmentation processes, multiphase flow modelling (Ray et al., 2023), and nanofluid
interface behaviour (Aksoy et a., 2022). Collectively, these journas are globally
recoghised and constitute the most frequently cited sourcesin spray cooling research.

Figure6 Co-citation knowledge spectrum of core authors (see online version for colours)

3.6 Keywords clustering analysis

Keywords are selected by authors through an analysis of the entire study, providing a
concise summary of the research focus and its relevance to specific areas of interest.
Co-occurrence analysis of keywords is a crucial method for identifying research hotspots
in scientific fields (Cui et al., 2025). Using VOSviewer software, a minimum occurrence
threshold of 10 yielded 144 valid keywords. Figure 8 depicts the co-occurrence network
and the overlay visualisation of keywords extracted from publications on spray cooling.
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The research on spray cooling can be categorised into five thematic clusters based on
keywords analysis, as shown in Figure 8(a). The colour of each node represents its
corresponding cluster. These studies focus on enhancing the density of nucleation sites,
promoting capillary-driven rewetting, and establishing discrete pathways for liquid and
vapour phases. Together, these mechanisms improve boiling heat transfer by increasing
the CHF and hesat transfer coefficient (HTC), while reducing the onset superheat for
nucleate boiling (Wen et a., 2017). Previous studies also indicate that multi-scale
micro/nano structured surfaces can increase the Leidenfrost temperature, delay vapour
film formation, and mitigate the dynamic Leidenfrost (DLF) effect (Guo et a., 2024;
Talari et al., 2018).

Figure7 Most productive journals and co-citation mapping, (a) top 30 journals by publication
count (b) co-citation network visualised with VOSviewer (see online version
for colours)
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Figure8 VOSviewer keywords co-occurrence network, (a) thematic clusters (b) hotspot overlay
(see online version for colours)

@

(b)

The blue cluster, defined by keywords (such as simulation and performance), reflects the
growing use of numerical modelling in spray cooling research. Techniques such as
computationa fluid dynamics, lattice Boltzmann methods, and multi-physics coupling
are applied to eucidate the dynamics of droplet-surface interactions, liquid film
formation, and phase-change processes. The discrete phase model in ANSYS Fluent
allows precise control of spray parameters (such as cone angle, droplet size distribution,
and impact velocity). The integration of predictive models with experimental
optimisation enables improved HTC, more uniform temperature and film distribution,
and superior CHF performance under extreme thermal conditions. Figure 8(b) highlights
this cluster in yellow, marking it as aleading research trend in spray cooling.

In the green cluster, researchers employ high-speed visualisation techniques, such as
particle image velocimetry, to capture droplet impact dynamics and liquid layer evolution
during spray cooling. These investigations demonstrate the influence of droplet
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spreading, splashing, and rewetting on local heat transfer efficiency (Bao et a., 2019).
Complementary simulations using VOF and level set methods to track the liquid-vapour
interface reveal correlations between splash crown shape, liquid film thickness
fluctuations, and the Weber number of droplets (Jin et a., 2021). Collectively, these
experimental and numerical approaches provide a strong foundation for investigating film
thickness and interface dynamicsin spray cooling systems.

The yellow cluster emphasises the selection and optimisation of working fluids,
including water (Chen et a., 2024), additives (Wang et al., 2016), nanofluids (Marseglia
et al., 2022), and microencapsulated phase change materials (Zhang et a., 2024).
Enhancing heat transfer efficiency depends on optimising key thermophysical
parameters, such as specific heat capacity, thermal conductivity, surface tension, and
latent heat. Nanofluids, owing to their superior thermal conductivity and capillary-driven
rewetting, have been shown to improve CHF and HTC in spray cooling applications
(Maet a., 2024; Ramesh and Prabhu, 2011).

The final cluster highlights medical applications of spray cooling, with keywords
including port wine stain, R134a, R404a, skin, and therapy. This research explores
short-duration cryogen spray cooling for protecting skin tissue, thereby enhancing
therapeutic outcomes and reducing thermal damage during procedures such as laser
treatment and hair removal (Aguilar et a., 2001; Zhou et al., 2016). Spray cooling has
thus become awidely adopted technique in dermatology and aesthetic medicine.

3.7 Analysisof highly cited publications

Table 5 lists the ten most frequently cited publications that have significantly influenced
spray cooling research. By analysing these studies and their principal findings, we
highlight the pioneering contributions that have shaped the field. Their high citation
counts underscore their broad impact and academic importance.

The top ten papers can be grouped into three research categories according to their
subject matter:

3.7.1 Topic 1: review and mechanistic studies

Liang and Mudawar (2017a) conducted a comprehensive review of single-phase and
nucleate boiling mechanisms in spray cooling, with emphasis on heat transfer
enhancement strategies such as surface modification, liquid additives, and nanofluids.
They aso summarised CHF prediction models proposed by various research groups. A
follow-up review by Liang and Mudawar (2017b) focused on transition boiling and film
boiling at elevated temperatures, including discussions of the Leidenfrost point. Together,
these two reviews have been cited more than 760 citations. Breitenbach et al. (2018)
examined heat transfer characteristics of spray impact based on single-drop impact
studies, linking microscale mechanisms with macroscae models, thereby advancing
theoretical development in spray cooling.

3.7.2 Topic 2: application expansion and system integration

Habibi Khalg and Halgamuge (2017) conducted a cross-scale assessment of air and
liquid based cooling technologies for data centres, emphasising system-level energy
efficiency optimisation. Saw et a. (2018) applied mist cooling to lithium-ion battery
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packs, demonstrating that it provides lower and more uniform temperature distributions
than dry air cooling, suggesting its potential for energy storage systems. Li et a. (2024)
concentrated on chip-level thermal management, identifying key challenges and
proposing methods to enhance performancein chip-level therma management.

Table5 Top ten references with the highest co-citations

No. Authors Title Citation Citation
per year
1 Liang and Review of spray cooling — part 1: single-phase 444 49.33
Mudawar and nucleate boiling regimes, and CHF.
(20174)
2 Habibi Khalaj A review on efficient thermal management of 428 47.56
and Halgamuge  air-and liquid-cooled data centres: from chip
(2017) to the cooling system.
3 Cheng et al. Spray cooling and flash evaporation cooling: 286 28.6
(20163a) the current development and application.
4 Breitenbach From drop impact physics to spray cooling 266 33.25
et a. (2018) models: acritical review
5 Liang and Review of spray cooling — part 2: high 237 26.33
Mudawar temperature boiling regimes and quenching
(2017b) applications.
6 Saw et al. Novel thermal management system using mist 227 27.38
(2018) cooling for lithium-ion battery packs
7 Huang et al. Thermal management of polymer electrolyte 132 33
(2022) membrane fuel cells: acritical review of heat
transfer mechanisms, cooling approaches, and
advanced cooling techniques analysis.
8 Xueta. (2022) Spray cooling on enhanced surfaces: areview 105 26.65
of the progress and mechanisms
9 Sarkar et a. Review of jet impingement cooling of 101 33.67
(2023) electronic devices: emerging role of surface
engineering.
10 Lietal.(2024) Comprehensive review and future prospects 62 31

on chip-scale thermal management: core of
data centre’' s thermal management.

3.7.3 Topic 3: advanced working fluids and special applications

Cheng et al. (2016a) reviewed spray and flash cooling techniques, which emphasis on
phase-change enhanced working fluids such nanofluids. They noted that the lack of
consensus on nanofluid heat transfer properties in spray cooling and highlighted the need
for future research on stable nanofluids and suitable nanoparticles. Huang et a. (2022)
investigated spray/atomisation cooling for polymer electrolyte membrane fuel cells,
demonstrating its benefits for thermal management. Xu et al. (2022) analysed spray
cooling performance on surfaces with different structural sizes, including hybrid
micro/nano structures. Sarkar et al. (2023) provided a review of surface engineering
advances for jet impact cooling and discussed its potential industrial applications.
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3.8 Analysis of keywords evolution

A keyword co-occurrence analysis was performed using the log-likelihood ratio
clustering method, which identifies term groupings based on uniqueness and coverage.
The analysis produced eight magjor clusters, with a modularity Q value of 0.4191 (> 0.3)
and a mean silhouette score of 0.7568 (> 0.5), indicating a well-structured and robust
clustering configuration. Figure 9 presents the keyword timeline from 2008 to 2024,
showing the chronological emergence, persistence, and decline of research themes.

Figure9 Keyword timeline view of spray cooling research (2008-2024) (see online version
for colours)

The evolution of keywords in Clusters #0 and #1 is very similar, both emphasising
nozzles, surface structures, heat flow, and heat transfer performance. In 2022, the rise of
new energy vehicles brought ‘electric vehicles into prominence as a research hotspot in
spray cooling. This reflects how technological development responds to market and
policy drivers. The Chinese Government has introduced multiple regulations and
incentives to promote the growth of the new energy vehicle industry, including subsidies,
tax exemptions, and preferential policies for electric vehicle ownership (Wang et a.,
2017a). These measures have led to substantial progress, positioning China as a key
player in shaping the future of global transportation (Dong and Liu, 2020; Wang et a.,
2022a; Zhang et a., 20134). In the future, integrating spray cooling into electric drive
system thermal management, particularly in extreme charge/discharge cycles and
high-power impact thermal load scenarios, will remain acritical research and engineering
challenge.

Keywords in Cluster #2, such as hot surface and liquid film, reflect growing interest
in droplet — surface interactions under high heat flux conditions, especially in relation to
film formation and its effect on cooling efficiency (Bhatt et a., 2017; Labergue et al.,
2016).
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Cluster #3 explores strategies for enhancing heat transfer, broadly classified into two
categories: surface enhancement and working fluid modification. Surface modification
techniques include the addition of needle ribs, fabrication of micro/nano structures, and
application of surface coatings, al of which improve droplet spreading, nucleation site
density, and liquid film rewetting, thereby enhancing both HTC and CHF (Zhang et al.,
2015). Working fluid optimisation involves incorporating functional additives (e.g.,
surfactants or ionic liquids) or developing nanofluids to regulate surface tension, liquid
film stability, and interfacial heat resistance (Ge et a., 2024). With advances in materials
science and fluid mechanics, such methods increasing rely on multi-mechanism coupling.
In the future, the research will focus on improving heat transfer performance while
ensuring fluid stability and reducing maintenance costs.

Cluster #4 introduces terms such as skin, port wine stain, and therapy, signalling the
emergence of cryogen spray cooling in dermatological applications, particularly for
vascular lesion treatment. Research in this cluster emphasised experimenta observation
and basic model development, laying the theoretical foundation for subsequent
mechanistic and application-driven studies.

Cluster #5 emphasises water spray cooling in relation to temperature control, thermal
comfort, and performance enhancement, highlighting its potential to reduce building
energy consumption and mitigate extreme environmental conditions (Wang et d.,
2022b).

Cluster #6 demonstrates the central role of computational fluid dynamicsin designing
and analysing spray cooling systems. In the non-boiling area, the Euler-Lagrange wall
film model is typically utilised alongside breakup, evaporation, and heat transfer models
to quantitatively predict local HTC and liquid film evolution. Notably, recent simulations
incorporating mechanical vibrations (Luo et a., 2023) reveadled that vibrations
significantly influence heat transfer performance in the non-boiling region by altering
liquid film thickness fluctuations and rewetting frequency.

4 Analysisof research hotspots

4.1 Thermal concerns of spray cooling technology

Figure 10 depicts the heat transfer mechanism of spray cooling over arange of heat flux
densities. At low heat flux intensity, the impacting droplet mainly undergoes a
single-phase cooling process on the surface, which leads to a negligible phase transition
and limited heat absorption activity. An increase in heat flux density dramaticaly
strengthens the coupling of heat flow and phase changes upon droplet impact onto the
wall surface, inducing complex phase transition behaviours and oscillatory switches
between various boiling states, including liquid film evaporation, nucleates boiling,
transitional boiling, and film boiling phenomena. This change is attributed to the inherent
differences in heat transfer mechanisms between single-phase and two-phase zones: in
the single-phase zone, heat transfer is predominantly dictated by convective heat transfer
between the liquid film formed after droplet impact and the wall surface. However, in the
two-phase zone, localised evaporation of the liquid and bubble formation enable latent
heat exchange, leading to a dramatic elevation of cooling efficiency. As the wall
temperature rises, droplets impinging on the highly heated surface will undergo
instantaneous vaporisation, forming a stable gas layer that prevents droplets from coming
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into direct contact with the solid surface. This phenomenon is known as the DLF effect
(Shirota et a., 2016). This gas layer is found to exhibit dramatic insulating properties,
inducing a steep increase in thermal resistance and a rapid decline in heat transfer
efficiency. Thus, the enhancement of DLF, involving the extension of gas film duration
or theincrease in its critical temperature, has become a central theme in the investigation
of spray cooling under high heat flux density conditions.

Figure10 Heat transfer mechanisms of spray cooling with varying heat flux densities (see online
version for colours)

To overcome the problem of the degraded heat transfer efficiency induced by the DLF,
several studies have systematically investigated different suppression methods (such as,
fabricating micro/nanostructured surfaces with superior wettability and capillary transport
(Kwon et al., 2013; Limbeek et a., 2016; Zhang et a., 2023); utilising electric fields to
suppress air film formation (Shahriari et al., 2014); imposing low-frequency mechanical
vibrations to break up the air film (Ng et al., 2014), and introducing surfactants to change
chemical surface tension and wetting behaviour (Chen et al., 2018) to suppress the DLF
effect.

The creation of micro/nanostructured surfaces with high performance has attracted
extensive attention from researchers owing to its high process maturity, good
controllability and repeatability, and high stability (Ali et al., 2018; Du et al., 2023).
Micro/nano-structured surfaces have become a hot topic in heat transfer scale research in
academia. Millimetre-scale features, such as fins, enable uniform liquid film distribution
and enhance evaporation efficiency by increasing the length of the tri-phase contact line
(Sodtke and Stephan, 2007). Nanoscale super-hydrophilic structures, such nanopillars,
promote rapid re-wetting and thinning of the liquid layer, and thereby increase
capillary-driven evaporation (Alvarado and Lin, 2011). Porous structures, such as foam
copper (De Souza and Barbosa, 2012), foam graphite (Silk and Bracken, 2010), and
copper micromesh (Hu et a., 2022), provide abundant nucleation sites due to their high
specific surface area and various random multi-scale voids, and hence, decrease the
surface superheat required for boiling onset and dramatically improve HTC.

It should be noted that while microporous structures can significantly increase the
number of nucleation sites and promote nucleate boiling, the increased flow resistance
they bring about may hinder bubble egress, with bubbles being trapped in the pore
cavities and forming local steam blankets, thereby posing a significant challenge to the
CHF. Recently, Hu et al. (2025b) recently proposed a new microporous structural design
that significantly promotes nucleate boiling and allows efficient bubble egress, realising
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gas-liquid channel separation and significantly improving the overall performance of
spray cooling. Micro-pores can be combined with multi-scale structures (such as,
nano-textures and capillary channels), in the future to synergisticaly intensify nucleation
sites, accelerate the rapid re-wetting of the liquid layer, and optimise bubble escape
channels. In addition, additive manufacturing or micro/nano manufacturing technologies
can be employed to carefully control pore size, depth, and distribution to adapt to
different spray intensities and heat flux densities.

4.2 Influence and optimisation of spray cooling performance

In spray cooling, the cooling rate is a critical parameter for evaluating heat transfer
efficiency, which can directly affect heat flux, HTC, and thermal surface management.
Recent advances in processing technology have extended the focus beyond performance
evaluation to include micro/nano scale mechanism analysis, particularly under high heat
flux density conditions such as heat treatment, laser processing, and electronic device
cooling. Enhancing cooling rates and maintaining uniform surface temperature have
therefore become major research priorities.

Spray parameters are key factors that determine cooling performance. Spray height
governs droplet distribution on the heated surface; reduced heights promote liquid film
formation and enhance heat transfer (Zhang et a., 2013b). Droplet size influences
evaporation and heat transfer rates, facilitating capillary-driven processes regulated by
surface tension (Muthukrishnan et al., 2023). Impact velocity exerts the greatest effect on
CHF (Chen et a., 2002). Spray angle determines the coverage area, while wider angles
increase surface coverage, they reduce droplet velocity, necessitating a balance between
cone angle and impact speed (Yu et a., 2025). The nozzle type [such as, pressure swirl
nozzle (Xie et a., 2014), gas-assisted nozzle (Li et a., 2020), and straight tube nozzle
(Xue et a., 2021), etc.] controls the spatial uniformity of droplet distribution. Different
atomisation methods and droplet characteristics make certain nozzles more suitable for
specific scenarios, as shown in Figure 11. Therefore, nozzle selection must be tailored to
application-specific requirements to optimise performance.

Energy optimisation encompasses both efficiency improvement and quality
enhancement. Niksiar and Rahimi (2009) investigated spray cooling performance via
energy and exergy analyses, demonstrating high energy efficiency but relatively low
exergy efficiency that is closely linked to tower structure. Specifically, larger tower
diameter, greater height, and higher water flow rate collectively enhance exergy
destruction. Similarly, Jani et a. (2016) employed exergy analysis, deriving the entropy
generation rate of each component through entropy balance equations to quantify exergy
destruction and efficiency. This approach enabled the identification of key exergy-loss
components, providing actionable guidance for system optimisation. Looking ahead,
integrating machine learning with multi-objective optimisation algorithms to construct
cooling performance response surfaces from experimental data or simulations will be
vital for improving system design efficiency (Deshannavar et a., 2024). Although
Al-assisted optimisation studies in spray cooling remain limited, similar high heat flux
cooling technologies (such as microchannel heat sinks) have successfully employed
machine learning and multi-objective optimisation to achieve significant performance
gains. For instance, Sikirica et a. (2022) reported a 10% reduction in maximum surface
temperature and a 25% decrease in pumping power relative to baseline designs. Jani
(2021) developed an artificial neural network (ANN) model for solid desiccant-steam
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compression hybrid air conditioning systems to predict the system’s cooling capacity,
power input, and coefficient of performance. Yu et a. (2024) developed a multi-objective
optimisation framework using a genetic algorithm. Their results showed that compared to
traditional microchannel, the optimised designs exhibited superior thermal performance.
These findings suggest that comparable data-driven optimisation frameworks could be
adapted for spray cooling systems, where parameter interactions are highly complex and
experimental trials are resource-intensive.

Figure1l Types of nozzlesand their usage across several domains (see online version
for colours)

4.3 Clinical applications of cryogen spray cooling

The increasing use of laser-based treatments in dermatology and cosmetic medicine has
raised a critical challenge, optimising therapeutic efficacy while minimising iatrogenic
thermal injury (Dewhirst et al., 2015). Cryogen spray cooling has emerged as a promising
solution. The fundamental mechanism involves applying alow-temperature working fluid
(e.g., R134a or R404a) onto the skin surface immediately before or during laser
irradiation to achieve rapid cooling, thus reducing epidermal temperature and protecting
healthy tissue from laser-induced thermal damage (Dai et a., 2025). Because of the high
latent heat associated with cryogen evaporation, intense evaporative cooling can reduce
epidermal temperature within milliseconds, which is faster than the characteristic thermal
diffusion time to deeper tissues. This effect protects the epidermis while allowing
efficient laser energy delivery to targeted structures. Consequently, cryogen spray cooling
enables selective penetration of laser energy through the epidermis to pathological tissues
or adipose layers, providing significant benefits in treating superficial vascular anomalies
such as port wine stains (Tunnell et al., 2002).

In recent years, cryogen spray cooling has been applied to more advanced therapeutic
procedures, including laser lipolysis (Xin et a., 2022, 2023); laser cartilage reshaping
(Wu et al., 2013) and laser skin resurfacing (Majaron et a., 2001b). A central research
challenge in these applications is controlling the cooling depth to selectively destroy
target tissue without damaging surrounding structures. On the one hand, factors [such as
environmental humidity (Maaron et al., 2001a), droplet characteristics (Pikkula et al.,
2004), spray duration (Aguilar et a., 2003), and nozzle angle (Aguilar et al., 2004)]
directly influence the cooling rate and efficiency of cryogen spray cooling. On the other
hand, the skin’s multilayered composition (including the epidermis, dermis, and
subcutaneous fat) introduces spatial complexity to temperature distribution (Dai et d.,
2025). To address this, the bio-heat transfer model (Pennes, 1998), thermal damage
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criterion for skin tissue (Henriques and Montz, 1947), and numerical simulations (Wang,
et al., 2017b) have been employed to predict temperature variation at different depths,
assess temporal and spatial tissue responses and optimise cooling strategies (Xin et a.,
2023).

Future research is expected to emphasise precision cooling and personalised therapy.
Real-time regulation of cryogen spray cooling maybe achieved by integrating infrared
thermal imaging, thin film thermocouples, and other sensing technologies to provide
temperature feedback during treatment. For instance, Qenawy et a. (2024) developed an
intermittent strategy to reduce film deposition, enhance heat transfer and reduce cryogen
consumption by coupling with a cold air jet. Their results demonstrated that this approach
achieved lower minimum surface temperatures and reduced thermal resistance of the
residual film. At the same time, comprehensive evaluation of working fluids (including
vaporisation characteristics, dermal compatibility, and ecological sustainability) will be
essential for advancing the clinical translation and long-term viability of cryogen spray
cooling.

5 Limitations

Acceptance of research findings requires careful consideration of study limitations. This
study focused exclusively on scientific and review papers published in English in the
Web of Science Core Database. Consequently, relevant studies published in other
languages, indexed in different databases, or presented at conferences may have been
overlooked. Nonetheless, this study contributes to the literature by offering a
comprehensive assessment of spray cooling research (including, publishing trends,
current state, and future directions). The strong scientific foundation of the selected
studies, combined with the application of rigorous quantitative and qualitative methods,
enhances the validity of this study and mitigates the aforementioned limitations.

6 Conclusionsand prospects

This study employed the bibliometric tools (CiteSpace and VOSviewer) to systematically
analyse the research topics, hotspots, and trends in spray cooling, thereby providing
valuable insights for researchers in the field. A total of 956 papers published between
2008 to 2024 in the Web of Science Core Database were examined, and a knowledge
domain map was constructed by information visualisation technology. Several
conclusions can be drawn.

1 Publications related to spray cooling have shown a steady upward trend, particularly
after 2020. Asthe world’ s top three countries in publication volume, China, the
USA, and India have delivered significant contributions to this research domain.
Institutional research mapping indicates that Xi’an Jiaotong University leads the
field in both the number of publications and citation counts. Influential scholars
include, Chen Bin, Mohapatra Soumya, Zhou Zhifu, Wang Ting, Chakraborty
Sudipto, and Tian Jiameng. Additionally, corejournalsin spray cooling include
International Journal of Heat and Mass Transfer, Applied Thermal Engineering and
International Journal of Thermal Sciences.
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2 Keyword analysis revealed persistent themes (such as, spray cooling, droplet impact,
enhanced heat transfer, and computational fluid dynamics). Enhanced heat transfer
has been a primary focus of spray cooling, and is frequently cited in the literature.
Keyword evolution further indicates that research has shifted from macro-scale
investigations toward to micro/nano-scal e advancements. Among cited works, Liang
and Mudawar (2017a) received the most attention for its systematic review of
single-phase and nucleate boiling mechanisms, enhanced hest transfer strategies, and
its valuable guidance for future research.

3 Prospective trends in spray cooling include:

a integration of machine learning and deep learning for real-time system
regulation under varying heat flux densities and environmental conditions

b  the use of micro/nano-structured surfaces, functional coatings, and 3D printing
to precisely control droplet dynamics and improve heat transfer efficiency

¢ theexpansion of applications beyond traditional electronic chip cooling into
aerospace, high-performance architecture, medical aesthetics, and other
domains.

Overdll, substantial advancements have been achieved in spray cooling research, yet
severa critical challenges persist. Most current studies, for example, we analysed papers
published from 2008 to 2024 and found that most spray cooling research relies heavily on
experiments, with relatively few numerical simulations. This is partly because simulating
spray cooling is complex and demands significant computational resources. Additionally,
spray cooling involves droplet breakup, collision, evaporation, condensation, and coupled
heat transfer between gas, liquid, and solid phases. Existing models (such as VOF, level
set and Eulerian-Lagrange coupling models) struggle to balance computational efficiency
and accuracy. Future research should focus on multiscale simulations that bridge
microscopic droplet dynamics with macroscopic heat transfer characteristics, thereby
addressing the scal e adaptation shortcomings of existing models.
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