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ABSTRACT 

Optimal experimental conditions, namely the nozzle size, wire diameter, power 

value, and wind speed, for a smoke wire technique (SWT) with a control dripping 

valve (CDV) and tensioner system were proposed to ensure dense, straight, and 

continuous streaklines for flow visualisation experiments. The investigation was 

conducted using a single heated nichrome wire in a small-scale boundary layer 

wind tunnel (BLWT) constructed at Universiti Malaysia Pahang As-Sultan 

Abdullah, Malaysia. Through the CDV, the water-based solution is 

automatically replenished to the heated single nichrome while maintaining a 

consistent wire strain with the aid of a specifically designed tensioner system. A 
simple shape, a surface-mounted finite circular cylinder, was utilised as the rigid 

body to observe the flow pattern during the experiment, which was verified with 

findings from previous literature. A high-speed digital camera, the 

MEMRECAM HX-7s system, was used to record instantaneous images of the 

streaklines. Clear images of dense, straight, and continuous smoke lines were 

captured at a free-stream velocity of 1.5 m/s using a 0.5 mm nichrome wire 

diameter, a 0.6 mm nozzle diameter, and 35 W power conditions. 
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1. INTRODUCTION 

 Generally, research topics on the flow around obstacles 

or buildings in fluid dynamics, and their aerodynamic 

interaction with the urban boundary layer, are conducted 
using a single concentrated approach, i.e., scaled-model 

boundary layer wind tunnel (BLWT) experiments 

(Niemann, 1993; Barlas et al., 2016; Wang et al., 2017). 

The BLWT differs from an aeronautical or aerodynamic 

wind tunnel (WT), which is typically employed in 

designing aeroplanes or automobiles (Isyumov, 1967; 

Rahmat et al., 2023a). BLWTs are typically employed to 

replicate a quasi-atmospheric boundary layer (quasi-

ABL), facilitating reactions that are anticipated from 

natural wind conditions. However, an aeronautical or 

aerodynamic WT could be converted into a BLWT if the 
test section length is extended to between 15 and 30 m 

(Cermak et al., 1995). Alternatively, a small-scale BLWT 

with a shorter test section can be developed using graded 

blockage grids of rods (Cook, 1975), slats, and passive 

devices, such as barriers (Hohman et al., 2015), spires 

(Rahmat et al., 2018), and rough walls (Rahmat et al., 

2016). These are installed in the upwind position of the 

WT to simulate and enhance the quasi-ABL (Cook, 1975). 

The production of a quasi-ABL enables the use of a BLWT 

to examine the impact of wind on man-made structures 

(Niemann, 1993; Fu et al., 2008) and pedestrians (Fitriady 

et al., 2022; Fitriady et al., 2023a, 2023b, 2023c, 2023d). 

 Experiments to examine the flow structure around 

bodies or buildings using scaled model BLWTs are a 
widespread practice in many engineering, physics, and 

meteorology disciplines. The measurement method for 

these experiments can be diverse, using either two- 

(quantitative) or three-dimensional (qualitative) 

approaches. The hot wire anemometer is widely utilised in 

two-dimensional measurement techniques (Rahmat et al., 

2016, 2018; Vikneshvaran et al., 2020; Fitriady et al., 

2023b; Hadi Wijaya et al., 2024). Meanwhile, Particle 

Image Velocimetry (PIV), Laser Doppler 

Anemometer/Velocimetry (LDA/LDV), and the Smoke 

Wire Technique (SWT) are frequently employed in three-

dimensional measurement techniques. However, the SWT 
is a more convenient approach in flow visualisation 

experiments as it is more cost-effective and flexible to 

construct in any institution, compared to the former two 

methods. The SWT produces thin strands of smoke when 

an electric current heats a coated wire. The current 
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evaporates a wire-heated glycol-based solution 

(Yarusevych et al., 2009), a water-based solution (Trinder 

& Jabbal, 2013; Rahmat et al., 2023a, 2023b), or paraffin 

oil (Yarusevych et al., 2009; Gao & Liu, 2018). This 

process allows very fine smoke to be injected into the flow 

area, resulting in streaks of smoke being emitted into the 
air stream, which creates a pattern resembling streaks and 

imparts a streaky appearance to the flow. This approach 

facilitates the integration of extremely thin smoke 

streamlines into the flow field.  

 A variety of smoke liquids have been employed to 

achieve a clear representation of flow visualisation. The 

most commonly used types of smoke are vaporised 

substances, including light oil, kerosene, glycerin, and 

various commercial smoke liquids. The wire should be 

coated uniformly with oil to ensure that smoke is generated 

consistently along its entire length. The coating can be 

applied through the gravity feed method or directly with 
brushes. Although the gravity feed technique offers 

several advantages, such as straightforward installation, its 

effectiveness may not match that of the manual coating 

process. The hand-coating procedure allows control over 

the thickness of oil applied to the wire. Unfortunately, this 

method is labour-intensive and presents various 

challenges. However, it is effective for obtaining a result 

unaffected by the varying coating thicknesses of oil. 

Compared to the smoke generator, this method has a lower 

overall implementation cost. Nonetheless, the challenge of 

this method is that it requires the right kind of oil or 
solution, metal wire, and a sufficient supply of power to 

obtain straight, continuous, and dense streaklines. Another 

key factor in the SWT is the wire material, which typically 

uses nichrome, stainless steel, and tungsten (Batill & 

Mueller, 1981; Azizi, 2012). These materials can resist 

heat, allowing them to bring the oil up to boiling point, at 

which smoke will be produced. 

 Since the beginning of WTs, the SWT has been utilised 

as a method for flow visualisation. The practice has a 

historical foundation extending over several decades, as 

reported by Settles (1986), which delineates the smoke-
wire approach as a classic tracer technique. In this context, 

it pertains to the process of generating fine aerosol 

filaments by applying heat to a wire coated with oil. While 

primarily utilised in wind turbines functioning at low 

speeds (Schneider, 2003), this technology has also been 

applied in wind turbines operating at transonic speeds 

(Kumaraswamy et al., 2014). In applications that 

necessitate moderate speeds, utilising a wire with a smaller 

diameter is advantageous due to its ability to produce a 

more concentrated smoke output. A larger diameter is 

more appropriate for higher speeds due to the increased 

surface area, which facilitates a higher smoking rate. 
Furthermore, considering that the wires are typically 

extended, they can sustain the necessary tension at 

elevated temperatures. The maximum velocity in a WT is 

reported to be 6.096 m/s (Barlow et al., 1999). Due to its 

importance in avoiding the wake flow emerging from the 

wire itself and disturbing the main flow, it is also 

recommended that the Reynolds numbers be lower than 

2000 to reduce the flow disruption (Barlow et al., 1999). 

The literature on the SWT has discussed and addressed 

several drawbacks. The first was discovered by Wu 

(1992), who found that the smoke wire induced the airflow 

to establish a fixed vortex pair at an increased velocity. 

Upon increasing the wind speed to 14.27 m/s, the wire 

exhibited characteristics akin to a circular cylinder, 
resulting in the transition of the unseparated flow into a 

stable vortex pair. The authors were able to prevent this 

phenomenon by limiting the speed of their WT to 3.96 m/s. 

They also utilised a single wire, which resulted in 

disseminated smoke intensity. Second, a manual dripping 

system (Ismail & Kamaruddin, 2020) easily burns wire 

due to excess power (Gao & Liu, 2018), leading to blurry 

instantaneous images (Liu et al., 2013).  

 The utilisation of a capacitor as the power source was 

introduced as an advancement of the methodology in a 

2018 study by Gao and Liu (2018). Instead of being heated 

for an extended period continuously, the wires were heated 
in brief bursts. The authors utilised a microcontroller in 

conjunction with the capacitor to set the camera timing so 

that it would take the picture at the appropriate moment. 

Recently, Rahmat et al. (2023a, 2023b) constructed an 

enhanced SWT with a dripping system that was fully 

automated and utilised 10 smoke wires to increase the 

smoke intensity. However, inadequate drainage of excess 

liquid from the dripping part led to liquid overflow, 

causing corrosion inside the WT. In addition, due to a poor 

tensioner system, the 10 smoke wires experienced a 

noticeable expansion when heated, distorting them and 
causing them to become warped. Due to this problem, the 

generated smoke was not produced to the desired 

trajectory.  

 The smoke quality produced, along with the quality of 

the captured photographs and videos, has been enhanced 

through the implementation of various additional methods. 

In 1988, Mathur et al. (1988) published their findings on 

creating coloured smoke using liquid paraffin coloured 

with wax-based pigments. In 2006, Dol et al. (2006) 

conducted experiments on alternative smoke fluids as 

substitutes for paraffin oil and explored alternative wire 
configurations using nichrome wire instead of stainless-

steel wires. A notable improvement in the overall quality 

of the produced smoke was reported. The literature 

concerning the SWT primarily emphasises the importance 

of the photography technique. Additionally, Wu 

(1992).reported that a substantial amount of light was 

necessary to achieve an improved photograph of the smoke 

movement. This was achieved using two lights, providing 

a combined output of 1000 W. 

 It is essential to utilise a high shutter speed to 

accurately capture the movement of smoke in 

photographs. Gao and Liu (2018) employed a shutter 
speed of 1/200 s in their experiment, while Wu (1992) 

utilised a shutter speed of 1/1000 s. In the context of video 

recording, a high-speed recording technique was 

employed, specifically capturing the smoke flow at a rate 

of 1000 frames per s(Liu et al., 2013). Besides the strategy 

that incorporates smoke wires, various additional methods 

have been employed. Soria et al. (1990) employed a 

cinematographic technique referred to as the silhouette. 
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This method entails the strategic placement of semi-

silvered mirrors at a 45-degree angle relative to the 

camera, which facilitates the reflection of light to create a 

shadow effect on the background. The camera captures an 

image of the silhouette of the smoke instead of the smoke 

itself. Conversely, Serrano-Aguilera et al. (2016) 
employed a laser sheet to enhance the visibility of a layer 

within the smoke flow. In addition to the WT, the smoke 

wire method has been utilised in various contexts, 

including the placement of a smoke wire behind a jet to 

visualise the flow structure over different surfaces 

(Cornaro et al., 1999) and the positioning of a smoke wire 

beneath flapping mechanical insect wings to examine the 

airflow pattern generated by the wings (Liu et al., 2013). 

The procedure is conducted in an isolation chamber to 

mitigate the risk of contamination from external air 

sources. 

 Considering the existing limitations, this work aimed 
to develop an improved smoke wire technique featuring an 

automated control dripping valve and a tensioner wire 

system. The objective was to achieve intense, straight, and 

thick streaklines within a specially designed qualitative 

small-scale BLWT. This paper discusses the optimal 

conditions of the smoke wire technique, including its 

nozzle size, wire diameter, power value, and wind speed.  

2.  EXPERIMENTAL DETAILS 

2.1. Small-scale BLWT  

 An open-loop BLWT has been established at 

Universiti Malaysia Pahang Al-Sultan Abdullah 

(UMPSA) to facilitate qualitative flow visualisation 

experiments. This open-loop BLWT is an upgraded 

version of a previous tunnel (Abdullah et al., 2022; 

Rahmat et al., 2023b). The WT is comprised of three 

primary sections: the contraction, the test section, and the 

diffuser, as illustrated in Fig. 1. The flow straightener of 

the WT features a honeycomb structure characterised by a 

length-to-diameter (L/D) ratio of 10 (Kulkarni et al., 

2011), succeeded by three meshes. The open area ratios (β) 
of the meshes must exceed 0.54 (Bradshaw, 1965; 

Rosminahar et al. 2024). Therefore, the present work 

employed meshes with β values of 0.577, 0.631, and 0.645 

(Welsh, 2013) in the order from upstream to downstream 

of the flow straightener section. The spanwise variation of 

the mean flow at the exit of the upwind contraction section 

was relatively high, with a relative standard deviation of 

velocity of approximately 4%, measured at a height of 30 

mm from the tunnel floor. This variation was attributed to 

the inherent effects of the contraction section and the fan. 

To mitigate this, a flat plate was installed parallel to the 

tunnel floor at a height of 0.07 m to regenerate a new wall 
boundary layer. As a result, the relative standard deviation 

of the velocity at 30 mm above the flat plate was improved 

to 0.9%. The contraction section utilised a contraction ratio 

of 9, as indicated by prior studies (Li & Li, 2019; Kareem 

et al., 2021; Mehta, 2021) and it was designed using a 

bicubic curve to define the curvature (Yi et al., 2021), as 

depicted in Fig. 1(a). 

The test section features a cross-section  

measuring 300 mm by 300 mm and a length of 1000 mm,  

 

Fig. 1 Schematic figure for a) contraction, b) test 

section, and c) diffuser of the BLWT 

 

as illustrated in Fig. 1(b). The extended length of the test 
section facilitates the development of a deep quasi-ABL. 

The diffuser is utilised in the WT to reduce the airflow 

velocity as it exits the test section, while concurrently 

increasing its pressure at an open area ratio of 2 and a 

diffuser angle of 5° (Mehta & Bradshaw, 1979), as 

illustrated in Fig. 1(c). Figs. 2(a) and (b) present the 

schematic diagram, including the dimensions, of the 

complete assembly of the BLWT, along with an image 

depicting the fabrication of the small-scale BLWT. 

2.2. Smoke Wire Technique 

 The SWT used in this study comprises three primary 

components: a CDV, a tensioning system, and a power 
supply source (Rahmat et al., 2023b). Figure 3 presents  

a schematic diagram of the CDV with its 11 openings,  

i.e., holes to connect wires from the CDV to the tank in  

(c) 

(a) 

(b) 
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Fig. 2 a) schematic diagram and b) actual picture of 

the BLWT 

 

 
Fig. 3 Schematic diagram of the full setup of CDV 

with the tensional system for a) front view, b) side 

view, c) top view, and d) isometric view 

 

position. All three components were developed to identify 

the optimal SWT conditions to achieve dense, straight, and 

continuous streaklines using a single heated nichrome wire 

in the experimental setup. In future studies, 11 heated 

wires will be employed to improve the streakline 

resolution. The CDV ensures automatic and consistent 

solution replenishment along the entire wire continuously 

while the tensioning system, illustrated in Fig. 4, maintains 
a constant strain on the nichrome wires. The tensioner 

system is equipped with a guitar tuner at the top to set the 

initial wire tension, while 150 g sinkers are suspended 

from the lower end to maintain tension as the wire heats 

and expands during the experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4  Full assembly of the a) CDV, b) CDV tank with 

tensioner system and reservoir, c) bottom part of the 

CDV, and d) upper part of the CDV 
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Fig. 5 Studio setup from a) outside and b) inside view 

with HSC setup 

 

 

1 

Calibration of the fan velocity using an 

anemometer with an empty tunnel without any 

model before the experiment. The initial velocity 

was set at 0.5 m/s. 

2. 

The water pump was turned on, and the smoke 
liquid was allowed to fill the tank and flow 

through the nichrome wire. 

3. 
The model was placed in the test section at the 

designated position. 

4. 
The power input for the nichrome wire was set, 

and the power supply was turned on. 

5. 

The nichrome wire heats the smoke liquid, which 

produces smoke streaklines that are carried 

through the test section. 

6. 
Excess smoke fluid flows back into the main 

tank. 

Fig. 6 Diagram for the procedure of the SWT 

 

2.3. Experimental Setup 

 Figure 5(a) shows the setup of the studio environment 

enclosed with black curtains to control the lighting 

conditions and enhance the optical quality of the captured  

 

Fig. 7 Schematic figure with dimension (mm) for (a) 

side and (b) top view of the test section 

 

 

Fig. 8 Surface-mounted finite circular cylinder model 

with dimension (mm) 

 

images. Illumination was provided by two 300 W photo 

studio lights. Figure 5(b) shows that the smoke flow 

velocity was recorded using the MEMRECAM HX-7s 

high-speed camera, which features an electronic shutter 

with speeds from 10 ms to 1.1 µs and supports full HD 

resolution at up to 2000 fps. Figure 6 shows the fully 
automated experimental setup of the SWT, which utilised 

Antari Fog Liquid as the smoke solution. A surface-

mounted finite circular cylinder model with a diameter of 

80 mm and a length of 110 mm, which fulfilled the 

blockage ratio of below 10 (9.78), as depicted in Fig. 8, 

was positioned about 750 mm from the smoke wire in the 

test section, as illustrated in Fig. 7. The background was 

coated in matte black to enhance the contrast of the smoke 

streaklines. 

2.4. Experimental Cases and Conditions 

 In the preliminary experiment, the effect of different 
environmental conditions, such as temperature and 

humidity, on smoke generation was already considered 

(Rosminahar et al., 2025; Mat et al., 2023), as the utilized 

BLWT is an open-loop WT. Smoke production was 

observed at different times of the day to assess the effects 

a) b) 

Anemometer 
Elevated 

platform 

a) 

b) 
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Table 1 Combination of nozzle size, nichrome wire specification, and wind speed 

Nozzle Size 

(mm) 

Nichrome 

Wire 

(mm) 

Reynolds 

number 

(single wire) 

Reynolds 

number 

(11 wire) 

Cross-

Sectional 

Area, A (mm2) 

Resistance, 

R(Ω) 

Wind 

Speed 

(m/s) 

Time 

Taken 

(s) 

0.3 

0.4 

0.6 

0.8 

1.0 

0.2 6 to 20 66 to 220 0.0293 2.56E+01 

0.5 ~ 1.5 1 ~ 5 

0.4 13 to 38 143 to 418 0.1363 5.50E+00 

0.5 15 to 42 165 to 462 0.2027 3.70E+00 

0.6 20 to 58 220 to 638 0.2919 2.57E+00 

0.8 25 to 77 275 to 840 0.5189 1.45E+00 

1.0 31 to 95 341 to 1045 0.8107 9.25E-01 

 

Table 2 Experimental cases 

Nozzle size Nichrome wire diameter Experimental cases 

0.3 0.2 A 

0.4 
0.2 B 

0.4 C 

0.6 

0.2 D 

0.4 E 

0.5 F 

0.6 G 

0.8 

0.2 H 

0.4 I 

0.6 J 

0.8 K 

1.0 

0.2 L 

0.4 M 

0.6 N 

0.8 O 

1.0 P 

 

of temperature and humidity. No significant differences in 

smoke generation were noted across these periods from 9 

am to 6 pm. 

2.4.1. Experiment 1: The Combination of Nozzle Size 

with Nichrome Wire 

The nozzle and nichrome wire diameters played a key 
role in establishing an optimal ratio that would ensure 

consistent smoke production and uniform heating. Table 1 

presents the possible combinations of nozzle diameter and 

nichrome wire diameter, with the details of the Reynolds 

number calculated using the wire diameter and expressed 

as Red = Uod/ v. Both Reynolds numbers are dependent on 

the surface diameter for the flow during the experiment  

(Gao & Liu, 2018; Mat et al., 2021a, 2021b), the cross-

sectional area, the wire resistance (assuming a wire 

resistivity [ρ] is 1.50 × 10−6 Ω⋅m; Serway, 2006), the wind 

speed, and the duration of smoke production considered in 
this study. To employ a high-speed camera, a maximum 

real-time duration of five seconds was considered, which 

corresponds to 50 s of slow-motion footage. This duration 

was sufficient to capture continuous smoke generation 

without interruption, allowing for clear visualisation and 

analysis of the flow pattern. 

 The experimental cases are summarised in Table 2, 

based on various combinations of nozzle size and 

nichrome wire diameter. The present study examines and 

discusses the effects of these combinations on the clarity  

of the generated smoke, specifically focusing on the 

thickness of the smoke streaklines, the duration and 

continuity of smoke production, and the uniformity of wire 

heating. 

 The visualisation experiment was performed at free-

stream velocities Uo of 0.5, 1.0, and 1.5 m/s. This velocity 
range satisfies the conditions for turbulent flow, making it 

suitable for the current BLWT experiment. The hydraulic 

diameter, Dh, was determined as 0.3 m. The critical wind 

speed for the onset of turbulence, corresponding to a 

Reynolds number greater than 4000, was calculated as 

0.2082 m/s. These velocities correspond to Reynolds 

numbers for a cylindrical model with a diameter of 80 mm 

(ReD = UoD/v), which range from 2600 to 8000, 

specifically 2600, 5200, and 8000, as listed in Table 1.  

2.4.2. Experiment 2: The Duration of Smoke 

Generated 

 Immediately following the completion of the final 

combination for the nozzle size with nichrome wire, each 

combination was tested, and the duration of continuous 

smoke generation in one cycle was recorded. The smoke 
generation duration was measured by determining the time 

interval between the initial appearance and the subsidence 

of the smoke. This was achieved through high-speed video 

analysis, allowing precise frame-by-frame observation of 

the smoke behaviour.  
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Fig. 9 Stacked column of scoring rubric for smoke generated for all cases at wind speed of 1.5 m/s 

 

2.4.3. Experiment 3: The Impact of Wind Speed on 

Flow Visualisation 

 Wind velocity influences the flow rate, turbulence 

intensity, and development of intricate flow structures. 

The experiment investigated the impact of wind speed by 

employing three specific velocities: 0.5, 1.0, and 1.5 m/s. 

Each wind speed was applied to the previous experiment, 

and the flow pattern was recorded. The wind speed was 
measured using an anemometer before the experiment 

commenced. 

3. RESULTS AND DISCUSSION 

 The effects of varying the nozzle size, nichrome wire 

diameter, electrical power input (in W), and wind speed on 

the duration, clarity, and continuity of the smoke 

streaklines production are summarised in Tables 3 and 5, 

as well as Fig. 9. Table 3 reports the measured smoke 

duration for all cases (A until P, each with its 
corresponding flow rate under a constant duration of 2 

min) across the different combinations of power and wind 

speed. Table 5 presents representative instantaneous 

images of the smoke generation corresponding to various 

combinations of nozzle size, nichrome wire diameter, 

power input, and wind speed. To facilitate a systematic 

evaluation of the smoke streaklines, Table 5 includes a 

scoring column based on four primary criteria: 

visualisation clarity, production continuity, flow 

uniformity, and smoke duration, as defined in the 

assessment rubric shown in Table 4 and summarised in 

Fig. 9. 

3.1. Experiment 1: The Combination of Nozzle Size 

with Nichrome Wire 

 The combination of nozzle size and wire diameter must 

allow a balance between resistance, power input, and 

solution flow rate. A wire diameter that is too small 

increases resistance and reduces durability, while a wire 

diameter that is too large lowers resistance but demands 

excessive power. Similarly, the nozzle size affects the 

solution flow rate; a nozzle that is too large results in 

inadequate vaporisation, whereas a nozzle that is too small 

restricts the flow of the solution. For example, the current 

for the 0.2 mm nichrome wire (Cases A, B, D, H, and L) 
was too low to be accurately measured, allowing only 

voltage detection (Table 3). This was attributed to the 

wire’s small cross-sectional area, which limits current 

flow before failure occurs due to overheating, resulting in 

the wire being burnt entirely. In contrast, the 0.8 mm 

nichrome wire (Case O) exhibited significantly lower 

resistance, reducing the heat generation necessary for 

vaporising the smoke liquid. As a result, higher power 

input was required.  

 The results summarised in Table 3 also show that all 

the wire-nozzle combinations can generate smoke, except 

when the diameters of the nozzle and wire are identical. In 
such cases, smoke generation is hindered due to factors 

such as manufacturing tolerances, metal expansion, and 

residue buildup. However, an exception was observed in 

the present work, where the 0.6 mm nozzle and nichrome 

wire combination (Case G, at 30 W and wind speed 

ranging from 0.5 to 1.5 m/s) successfully produced smoke 

despite having matching diameters, with a maximum 

duration of smoke production ranging from 2.5 to 3 s in 

real time. However, in Case G, the 30 W-power input 

generated thinner smoke streaklines of 3 s in real time. 

Meanwhile, Case G with higher power inputs (40 and 55 
W) generated a thicker but shorter duration of smoke 

streakline of 2 s in real time, as shown in Table 5. 

 Therefore, initially, the optimal configuration for 

producing thicker smoke streaklines was set to be Case G 

with a 0.6 mm nozzle, 0.6 mm nichrome wire, and a 55-W 

power input, whose overall score was 16 points, as shown 

in Fig. 9. Since this combination resulted in a very short 

smoke duration of only 2 s in real time, an additional 

condition was applied using a 0.6 mm nozzle with a 0.5 

mm nichrome wire (Case F) at varying power inputs of  

15, 35, and 55 W. Table 5 exhibits how Case F with a  

35-W power input performed the best overall. This setup  
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Table 3 Smoke duration results for cases with combinations of different W power and wind speed 

Experimental cases Power (W) Flow rate (ml/min) Wind speed (m/s) Time taken (s) 

A 15 V 1.4 

0.5 2 

1 2 

1.5 1 

B 15 V 1.7 

0.5 3 

1 4 

1.5 5 

C 0.4 (Nichrome wire diameter is the same or bigger than the size nozzle) 

D 5 2.5 

0.5 4 

1 4 

1.5 4 

E 

25 

0.75 

0.5 5 

1 5 

1.5 5 

40 

0.5 5 

1 5 

1.5 5 

55 

0.5 5 

1 4 

1.5 3 

F 

15 

0.6 

0.5 3 

1 3 

1.5 5 

35 

0.5 2 

1 2 

1.5 3 

55 

0.5 1 

1 1 

1.5 2 

G 

30 

0.45 

0.5 3 

1 3 

1.5 2.5 

40 

0.5 2 

1 2 

1.5 2 

55 

0.5 1 

1 1.5 

1.5 1.5 

H 15 V 11.25 

0.5 2 

1 2 

1.5 1.5 

I 

65 

5.2 

0.5 5 

1 5 

1.5 5 

75 

0.5 5 

1 5 

1.5 5 

100 

0.5 5 

1 5 

1.5 5 

J 

70 

5 

0.5 5 

1 5 

1.5 5 

75 

0.5 5 

1 5 

1.5 5 

80 

0.5 5 

1 5 

1.5 5 
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K 0.8 (Nichrome wire diameter is the same or bigger than the size nozzle) 

L 20 V 28.65 

0.5 2 

1 1.5 

1.5 1.5 

M 

85 

23.35 

0.5 - 

1 - 

1.5 - 

120 

0.5 5 

1 5 

1.5 5 

160 

0.5 5 

1 5 

1.5 5 

N 

20 

15 

0.5 3.5 

1 5 

1.5 3.5 

25 

0.5 4 

1 3.5 

1.5 5 

30 

0.5 5 

1 4 

1.5 3 

O 

35 

8.25 

0.5 5 

1 5 

1.5 5 

45 

0.5 5 

1 5 

1.5 5 

55 

0.5 - 

1 - 

1.5 - 

P 1.0 (Nichrome wire diameter is the same or bigger than the size nozzle) 

 

Table 4 Assessment rubric for scoring point 

Pv = Visualization Clarity 

1 (thinnest smoke), 

5 (thickest smoke), 

- (no smoke). 

Pc = Production continuity 

1 (least persistent), 

5 (most persistent), 

- (no smoke). 

Pu = Uniformity 

1 (at least uniform), 

5 (most uniform), 

- (no smoke). 

Pd = Smoke Duration 

1 (10 seconds), 

5 (>50 seconds), 

- (no smoke). 

 

achieved a high total score of 17 points, as shown in the 

scoring rubric of Fig. 9, reflecting improvements in smoke 

clarity, production continuity, longer duration, and 

uniformly heated wire. Based on these results, this 

combination is considered the optimal condition for 

generating streaklines using the smoke wire technique in 

this WT. This combination outperformed the 0.4 and 0.6 
mm wires by achieving a stable and well-defined smoke 

pattern. The resistance of the 0.6 mm nozzle size, coupled 

with a 0.5 mm nichrome wire diameter and a 35 W power 

input, enhanced the smoke production’s duration and 

clarity, leading to clearer visualisation. 

3.2. Experiment 2: The Duration of Smoke Generated 

 Experiment 2 focused on the duration of the steady-

state condition, i.e., a stable, well-defined continuous 

smoke pattern for all cases. The goal was to determine how 

long each setup could sustain steady-state smoke 

production, with a designated upper limit of 5 s in real 

time, which is equivalent to 50 s in slow-motion high-
speed camera footage. This duration is critical and 

sufficient to obtain the slow-motion footage that could 

capture the intricate details of the flow patterns. 

 Table 3 depicts how the smoke generation  

duration varied significantly depending on the nozzle-wire  



A. R. P. Yusrizal et al. / JAFM, Vol. 18, No. 12, pp. 2988-3005, 2025.  

 

2997 

Table 5 Instantaneous picture for smoke production based on combinations of nozzle size, nichrome wire 

diameter, power, wind speed with scoring points 

Experimental 

cases 
Power (W) 

Wind 

speed 

(m/s) 

Side view 

Scoring point (rubric) 

Pv Pc Pu Pd Total 

A 15 V 

1.5 

 

3 3 4 1 11 

B 15 V 

 

2 2 3 5 12 

D 5 

 

2 2 2 4 10 

E 

25 

 

4 3 3 5 15 

40 

 

5 3 3 5 16 

55 

 

5 3 3 3 14 

F 

15 1.5 

 

3 5 4 5 17 

35 

0.5 

 

4 4 3 2 13 

1.0 

 

4 4 4 2 14 
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1.5 

 

4 5 5 3 17 

55 

1.5 

 

4 4 3 2 13 

G 

30 

 

3 3 3 3 12 

40 

 

4 4 4 2 14 

55 

 

5 4 5 2 16 

H 15V 

1.5 

 

2 2 2 2 8 

I 

65 

 

2 1 1 5 9 

75 

 

1 3 2 5 11 

100 

 

1 3 3 5 12 

J 70 

 

1 3 3 5 12 
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2999 

75 

 

1 3 3 5 12 

80 

 

1 3 3 5 12 

L 20V 

1.5 

 

2 2 3 1 8 

M 

85 

 

0 0 0 - 0 

120 

 

1 3 3 5 12 

160 

 

1 1 3 5 10 

N 

20 

 

4 3 3 3 13 

25 

 

3 2 2 5 12 

30 

 

3 2 2 3 10 

O 35 1.5 

 

2 2 2 5 11 
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3000 

45 

 

2 2 2 5 11 

55 

 

- - - - - 

 

combinations and power input. The maximum recorded 

duration was 5 s in real time, corresponding to the limit set 

for high-speed camera recordings.  

 As previously discussed, higher power inputs 

accelerated liquid evaporation but often resulted in shorter 

smoke durations due to the limited replenishment rate of 

the smoke-generating solution. For example, Case G, with 

a higher power input of 55 W, produced smoke for less 

than 2 s, whereas lower power inputs yielded durations 

exceeding 2 s. In this case, the solution flow rate was 

insufficient to match the rapid evaporation rate, leading to 

the premature cessation of smoke generation. 

 In contrast, lower power inputs of 15 and 20 V 

combined with a 0.2 mm nichrome wire diameter, as in 

Cases A, H, and L, resulted in insufficient heating. This 

produced only thin smoke streaklines with very short 

durations, ranging from 1.0 to 1.5 s. These results highlight 

the importance of selecting an optimal power range to 

sustain smoke generation effectively without inducing 

thermal stress or resulting in inadequate vaporisation. 

 Table 3 also demonstrates that the combination of 

nozzle size and nichrome wire diameter must create a 
balance between the solution flow rate and thermal 

requirements. A minimal difference between the nozzle 

and wire diameters restricted the fluid flow, leading to 

shorter smoke durations. For instance, configurations with 

identical nozzle and wire sizes, such as in Case G of the 

0.6 mm pair, frequently exhibited reduced smoke 

durations due to limited solution replenishment. In 

contrast, excessively large differences between the nozzle 

and wire diameters led to rapid evaporation without 

sufficient liquid supply, similarly yielding short smoke 

durations. 

 In conclusion, Experiment 2 demonstrates that the 
duration and quality of smoke generation are governed by 

a complex interplay of nozzle size, nichrome wire 

diameter, power input, and wind speed. Case F highlights 

that a 0.1 mm difference between the nozzle and wire 

diameters, combined with a 35-W power input, provides 

optimal conditions for sustained, dense, and continuous 

smoke generation, achieving a total score of 17 points, as 

shown in Fig. 9. Although the same total score was also 

recorded for Case F at 15 W, the resulting smoke exhibited 

slightly lower visual clarity of three points compared to the 

35 W configuration of four points. Therefore, this optimal 
combination facilitates a solution flow rate that matches 

the evaporation rate, maintaining the necessary thermal 

balance for high-quality flow visualisation. This 

evaporation rate represents a potential focus for future 

work. 

3.3. Experiment 3: The Impact of Wind Speed on 

Flow Visualisation 

 Experiment 3 focuses on the influence of wind speed 

on the quality, continuity, and clarity of smoke streaklines 

in this SWT flow visualisation method. Wind speed has 

been identified as a critical factor affecting streakline 

formation and stability. The present study investigated the 

effects of three wind speed conditions― 0.5, 1.0, and 1.5 
m/s―on smoke streakline behaviour, based on the data 

presented in Tables 3 and 5. 

 Tables 3 and 5 show that at a minimum velocity of 0.5 

m/s, the smoke exhibited a dense formation. However, its 

distribution was uneven, primarily accumulating at the 

upper region of the test section. This led to the formation 

of thick, streaky patterns exhibiting restricted vertical 

uniformity. The reduced velocity facilitated the 

persistence of smoke particles, resulting in an uneven 

distribution and hindering the clear visualisation of flow 

patterns. 

 At 1.0 m/s, the smoke distribution is improved, with 

thickness becoming more uniform and fewer streaks 

observed. However, occasional waves still appeared, 

suggesting intermittent disruptions in smoke flow. This 

indicated that although 1.0 m/s allowed better dispersion 

than 0.5 m/s, the airflow was still insufficient to maintain 

fully stable and continuous streaklines. 

 Meanwhile, the best performance was observed at 1.5 

m/s. The smoke streamlines were straight, continuous, and 

vertically uniform, making them ideal for visualisation. 

The increased velocity enhanced smoke dispersion, 

preventing accumulation and ensuring consistent flow 
across the test section. This wind speed provided the most 

stable flow conditions for capturing detailed flow patterns. 

Table 5 summarises both the top and side views of the flow 

pattern for this condition of 1.5 m/s wind speed. 

 The data presented in Tables 3 and 5 demonstrate that 

optimal smoke visualisation is contingent upon the 

interaction of wind speed, power input, and nozzle-wire 

combinations. Case F, operating at 35 W, consistently 

yielded the most stable, continuous, and vertically uniform 

smoke streaklines across varying wind speeds, with 

optimal results observed at 1.5 m/s. 
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Fig. 10 Flow structures typically found around a finite circular cylinder from literature review 

 

 Table 3 also reveals that wind speed influenced the 

duration of continuous smoke generation. At lower wind 

speeds, the smoke duration was shorter due to the uneven 

dispersion and accumulation of smoke. At 1.5 m/s, the 
optimal Case F at 35 and 15 W maintained a 3 s and 5 s 

smoke generation duration, demonstrating that this setup 

balanced solution flow and vaporisation rates even at 

higher velocities. This combination ensures optimal 

visualisation conditions by balancing the power input, 

solution flow, and thermal stability. 

 Table 5 highlights that at a higher velocity, 1.5 m/s, the 

results were related to the clarity of smoke production, 

specifically the thickness of the generated smoke 

streaklines, as well as the duration of smoke production. 

The table shows that smoke clarity decreased when mixing 

occurred during the experiment. For example, in the 
optimal configuration of Case F (0.6 mm nozzle size and 

0.5 mm wire diameter), a decline in smoke clarity was 

observed with decreasing wind speed. At a wind speed of 

1.5 m/s, the configuration achieved a score of 17 points, 

whereas at 0.5 m/s, the score decreased to 13 points. This 

reduction reflects diminished smoke streakline definition 

under slower flow conditions, likely due to reduced 

momentum and less effective entrainment of the smoke 

into the airstream. 

3.4. Summary of Combinations on Experimental 

Conditions (Experiments 1, 2 & 3). 

 Figure 9 displays the scoring rubric results by 

comparing the smoke produced by different combinations 

of nozzle size and wire diameter. Different power inputs 

are also included in Table 3 to validate the best 

combination of the variance. The data from the stacked 

column proved the best combination for the nozzle size, 

with a wire diameter of 0.6 mm as the nozzle size and a 0.5 

mm nichrome wire diameter. 

 Comparison of flow patterns from present work with 

the existing flow patterns from literature  

 The smoke generation validity under the selected 

optimal conditions was supported by comparing the 

observed flow patterns with those obtained in previous 

experiments and documented in the literature. Figure 10 

shows the summary of the flow pattern or flow structure 

around the mounted circular cylinder obtained in previous 

literature (Cornaro et al., 1999; Sumner, 2013; Ferradosa 

et al. 2014; He et al., 2017; Dol et al., 2021; Welzel, 2021; 

Cho et al., 2022; Liu et al., 2023). Additionally, Fig. 10 
reveals that the flow pattern around the mounted circular 

cylinder includes a mushroom vortex, the centre of a 

trailing vortex, a downflow, a downwash flow, flow lift 

over the top surface, recirculation zones, a horseshoe 

vortex, vortex shedding behind the cylinder, a tip vortex, a 

trailing vortex, a von-karman or wake vortex, shear layers, 

and a large separation zone. As previously mentioned, the 

present study, as illustrated in Fig. 11, successfully 

captured most of the flow structures around the mounted 

circular cylinder, with the exception of the horseshoe 

vortices and shear layers. This limitation was primarily 
due to the camera positioning, which was not optimised or 

specifically configured to capture these regions; this is an 

area identified for improvement in future experimental 

setups.  

c) Top view 

b) Side view 

a) Isometric view 
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Fig. 11 An instantaneous picture of (a) side view, and (b) top view of the finite circular cylinder in the optimal 

condition of the SWT, Case F (0.6 mm nozzle size and 0.5 mm wire diameter) at 1.5 m/s 

 

The side view (Fig. 11 a) clearly reveals several key flow 

features, including an upward-lifting flow over the model, 

a localised downflow at the frontal lower region, a 

downwash, tip vortices, and a trailing vortex behind the 

cylinder. Meanwhile, the top view (Fig. 11 b) highlights a 

prominent separation region and the presence of wake 

vortices extending downstream in the wind tunnel. Certain 
flow structures—such as the reattachment line, separation 

line, and mushroom vortex—could only be inferred 

through references in the literature and numerical 

simulations as they were not directly observable via the 

visualisation techniques used in this study.  

 In summary, the present work demonstrates that 

precise calibration of the nozzle size, wire diameter, and 

power input is essential for optimal smoke wire technique 

performance. The identified optimal combination serves as 

a reference for future experiments involving multiple 

wires and complex flow patterns, ensuring clear, 

continuous, and stable smoke visualisation. 

4. CONCLUSION 

The results from Experiment 1 indicated that the nichrome 

wire diameter should generally be slightly smaller than the 

nozzle size to accommodate varying tolerances across 

different configurations. An exception was observed with 

the 0.6 mm nozzle, where a larger wire diameter was still 

effective. 

 In Experiment 2, which recorded the duration of smoke 
generation, continuous smoke production was typically 

sustained for 3 s to 5 s in real time. This corresponds to 

approximately 30 s to 50 s when viewed in slow-motion 

footage captured by a high-speed camera. In conclusion, 

higher W power results in a thicker but shorter duration of 

smoke production. This result reflects the scoring rubric in 

Table 3, which yielded the highest score, 17 points. A 35-

W power condition was recorded as the moderate power 

range that generated vertically informed and continuous 

streaklines in 30 s of slow-motion footage. 

 In Experiment 3, a wind speed of 1.5 m/s was 

determined as optimal for the visualisation experiment, 
facilitating clear and continuous flow patterns. Therefore, 

the optimum experimental conditions for the smoke wire 

technique in the BLWT at UMPSA were recorded to be a 

0.6 mm nozzle size, a 0.5 mm nichrome wire diameter, 35 

W power, and 1.5 m/s wind speed. 

 To conclude, some of the difficulties encountered 

during the experiment arose from the inconsistent 

thickness of the smoke during mixing. As the experiment 

progressed, the smoke became thinner, indicating that 

mixing disrupted the stability of smoke generation. This 

suggests that even minor discrepancies in the flow system, 

particularly in the flow rate influenced by the combination 
of nozzle size and wire diameter, could allow the smoke 

solution to be initially generated but fail to sustain it. This 

was likely due to uneven heating of the nichrome wire 

along its length, leading to reduced or unstable smoke 

production. This poses a challenge for achieving reliable 

flow pattern visualisation. 

 To effectively scale the system for larger or more 

complex experimental setups, a combination of 

mechanical enhancements and procedural improvements 

is necessary. Implementing features such as an automatic 

timer, an adjustable turntable, and a precisely positioned 
compact SWT system could significantly enhance the data 

consistency, visualisation flexibility, and focus on critical 

areas. Additionally, replacing manual smoke generation 

controls with a peristaltic pump would enable greater 

accuracy and adaptability in flow visualisation, making the 

system more robust and suitable for diverse applications. 
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