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Abstract 

A new design of fuel injector for diesel engines is expected to enhance fuel spray atomization at the end of the 

fuel injection for the reduction in particulate matter emission. It was pointed out that string cavitation may occur 

in a multi-hole mini-sac injector and increase spray angle. However, the complicated velocity distributions in 

the injectors have not been understood yet, which make it difficult for us to reveal the overall string cavitation 

phenomena. In this study, visualization of string cavitation in a transparent three-hole mini-sac injector and spray 

at various needle seat gaps and particle image velocimetry (PIV) analysis of the flow in a plane perpendicular to 

the axis of an orifice are carried out to clarify the cavitation and flow structure as well as spray characteristics. 

The results clarify that (1) at the low needle lift of Z/D = 1 twin string cavitation flow appears intermittently and 

(2) at the very low needle lift of Z/D = 0.5 single string cavitation flow with a hollow-cone spray occurs, which 

significantly increases spray angle.  

Keywords : Diesel fuel injector, String cavitation, Spray angle, Particle image velocimetry, Circulation  

 

1. Introduction 

 

A large effort has been made to reduce the emissions of CO2, NOX and particulate matter (PM) from diesel engines. 

One of the most critical issues which contribute to the CO2 and PM reductions is internal cavitating flow in the fuel 

injector (Schmidt and Corradini, 2001). A lot of researchers have been revealing the cavitation flow phenomenon 

(Bergwerk, 1959; Hiroyasu et al., 1991; Soteriou et al., 1995; Sou et al., 2007; Sou et al., 2008a, 2008b; Duke et al., 

2017). It was clarified that super cavitation in a nozzle induces a large and strong turbulence, and enhances liquid jet 

atomization. Recently, it was pointed out that string cavitation may appear in multi-hole fuel injectors at low needle lift 

(Miranda et al., 2002; He et al., 2016; Wei et al., 2022), which increases spray angle (Hayashi et al., 2013; Pratama et al., 

2016; Prasetya et al., 2021; Guan et al., 2021) and decreases droplet diameters (Mitroglou et al., 2011). Particle image 

velocimetry (PIV) analysis on a plane through the central axis of a sac of mini-sac injector was carried out to show the 

vortex flow in a sac (Hayashi et al., 2013; Prasetya et al., 2021). However, the previous researchers have used their own 

injectors with different geometries, and various patterns of the complicated three-dimensional velocity distributions in 

the injectors have not been clarified yet, which make it difficult for us to reveal the overall string cavitation flow 

phenomena. 

In this study, we carry out visualization of string cavitation in a transparent three-hole mini-sac injector and sprays 

at different needle seat gaps as well as (PIV) analysis of the flow on a plane not through the central axis but perpendicular 

to the axis of an orifice to investigate string cavitation flows in the fuel injector. 
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2. Nomenclature 

 

Cc Contraction coefficient [-] 

D Diameter of the orifice [mm] 

DS Diameter of the sac [mm] 

L Length of the orifice [mm] 

ℓ Distance between the orifice inlet and laser sheet [mm] 

P  Injection pressure [MPa] 

Pb  Back pressure [Pa] 

Pv Vapor saturation pressure [Pa] 

PSC Probability of string cavitation appearance [-] 

Re Reynolds number [-] 

  

T Temperature [K] 

U Measured local velocity by PIV analysis [m/s] 

V Mean velocity in an orifice [m/s] 

Z Needle seat gap [mm] 

Γ  Circulation [m2/s] 

θ Spray angle [degree] 

θNe Needle tip angle [degree] 

λ Friction coefficient [-] 

𝜌 Liquid density [kg/m3] 

𝜎  Surface tension [N/m] 

σc Modified cavitation number [-] 

𝜈  Liquid kinematic viscosity [m2/s] 

ω  vorticity [1/s] 

 

3. Experimental setup 

 

The experimental setup for high-speed imaging is shown in Fig. 1. Diesel fuel mixed with 21.0% of α-

methylnaphthalene at 304 K in temperature was used to match the refractive index of the liquid with that of the acrylic, 

by which cavitation in the injector can be clearly observed and PIV analysis in the sac can be carried out. Liquid was 

injected from a pressure vessel constantly through the transparent acrylic three-hole mini-sac injector into the ambient 

air at room temperature. Liquid flowrate was measured by a flowmeter (Keyence FD-SS20A). A high-speed camera 

(Photron, FASTCAM SA-Z, 3500-5000 fps, exposure time = 10 μs, 40 µm/pixel) and a metal halide light (KYOWA co., 

ltd., MID-25FC, 250 W) were used for high-speed imaging. The details of the experimental setup were described in our 

previous paper (Prasetya et al., 2021).  

The schematics of the injector is shown in Fig. 2. An enlarged three-hole mini-sac injector and a needle valve with 

a sharp needle tip whose tip angle θNe was 60° was used. The sac diameter DS, orifice length L, and orifice diameter D 

are 10.0, 8.0 and 2.0 mm, respectively. The transparent injector is about twenty times as large as the real diesel injectors. 

The experiments were conducted at the needle seat gaps of 1.0 and 2.0 mm (Z/D = 0.5 and 1). Experimental conditions 

are shown in Table 1, where the modified cavitation number σc (Hiroyasu et al., 1991; Sou et al., 2008a) is defined as  

 

𝜎𝑐 =  𝐶𝑐
2 [

𝑃𝑏 − 𝑃𝑣

1
2

𝜌𝑉2
+

𝜆𝐿

𝐷
+ 1] (1) 

where Pb represents the atmospheric pressure, Pv represents the saturation pressure, ρ represents the liquid density and λ 

represents the friction factor. The Cc is the contraction coefficient, and is 0.65. The Reynolds number Re is defined as 

 

2

SO Total cross-sectional area of orifices [mm2] 

SS Total cross-sectional area of seat [mm2]
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𝑅𝑒 =
𝑉𝐷

𝜈
  (2) 

where ν is kinematic viscosity. We can clearly find that the effects of the refractive index matching on the diesel fuel 

property are negligible. The total cross-sectional areas of the orifices and seat are shown in Table 2. At Z/D = 1 and 0.5, 

the total cross-sectional area of the orifices SO is smaller than that of seat SS, which shows that the velocity at the orifice 

is larger than that at the seat. 

Image processing was carried out to quantify the spray angle θ. The details on the image processing was described 

in our previous paper (Prasetya et al., 2021). The definitions of θ is illustrated in Fig. 3. Spray angle θ was measured at 

the distance of 2L from the orifice exit. 

Figure 4(a) shows the experimental setup for PIV analysis, which consists of a high-speed camera (Photron, 

FASTCAM SA-Z, 20000 fps, exposure time = 10 µs, 1024 x 1024 pixels, 12 µm/pixels) and a green laser sheet generator 

(sheet light thickness = 1 mm). The fluorescent particles (FLUOSTAR, model 0459, 15 μm in mean diameter) were used 

as tracer particles. A commercial PIV software (FtrPIV, ver. 3.2.3.2, Flowtech Research Inc.) was used for PIV analysis. 

As illustrated in Fig. 4(b), green laser sheet was applied perpendicular to an orifice axis, and the distance ℓ between the 

orifice inlet and the laser sheet was set to 2 or 3 mm. The internal between the pair of the images was 10 µs, and the 

captured area was about 12 mm x 12 mm, by which the entire sac was covered. The interrogation window size was 16 x 

16 pixels with 50% overlap, and the search window size was 33 x 33 pixels. Circulation in the region of 6 mm x 3 mm 

for single vortex flow and 3 mm x 3 mm for twin vortex flow around the orifice was calculated based on the PIV result, 

which is formulated by 

Γ = ∮ 𝑈 ∙ 𝑑𝐿
𝐶

 (3) 

where U represents the velocity, and dL represents the line segment along the measurement region. 

 

 

Fig. 1 Experimental setup for high-speed imaging 
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Fig. 2 Schematic of three-hole mini-sac injector 

 

Table 1 Experimental condition  

Item This study Real injection 

Orifice diameter D [mm] 2.0  0.1 

Needle seat gap Z [mm] 2.0, 1.0 (Z/D = 1, 0.5) 0.01 - 0.05 (Z/D = 1, 0.5) 

Orifice length L [mm] 8.0 (L/D = 4) 0.4 (L/D = 4) 

Sac diameter DS [mm] 10.0  0.5 

Mean velocity at orifice 𝑉 [m/s] 3 - 16 10 - 80 

Injection pressure 𝑃 [MPa] 0.08 - 0.25 200 - 300 

Liquid temperature 𝑇 [K] 304 ± 2 - 

Liquid Diesel with α-methylnaphthalene Diesel 

Liquid density 𝜌 [kg/m3] 865 780 - 900 

Surface tension 𝜎 [N/m] 0.027 0.021 - 0.028 

Liquid kinematic viscosity 𝜈 [m2/s] 3.3 x 10-6 2.0 x 10-6 – 3.5 x 10-6 

Modified cavitation number 𝜎𝑐 [-] 0.76 - 5.0 0.75 - 2.5 

Reynolds number [-] 0 - 20000 0 - 7000 

 

 

 

4

Table 2 Total cross-sectional areas of orifices and seat  

Needle seat gap 

Z [mm] 

Z/D [-] Total cross-sectional area of orifices 

 SO [mm2] 

Total cross-sectional area of seat 

SS [mm2] 

2.0 1 9.42 52.32 

1.0 0.5 9.42 28.98 
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Fig. 3 Definition of spray angle θ 

 

 
Fig. 4 Experimental setup for PIV analysis  
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4. Results and discussion 

4.1 High-speed imaging 

 

Figure 5(a) shows the images of cavitation in the mini-sac injector and liquid jet at Z/D = 1. Hiroyasu et al. (1991) 

and Sou et al. (2007) have clarified that as mean liquid velocity V in the orifice increases, orifice wall cavitation changes 

from no cavitation (NC), incipient cavitation (IC), developing cavitation (DC), super cavitation (SP), into hydraulic flip 

(HF). As shown in Fig. 5(a), at very low mean velocity of V = 11.0 m/s, no cavitation is observed in the orifice and spray 

angle is narrow (θ = 8°). As V increases to 13.0 m/s, cavitation inception occurs near orifice inlet and spray angle increases 

to 9 degrees. At higher velocity of V = 14.0 m/s, developing cavitation is formed. For V = 16 m/s, we can observe 

imperfect hydraulic flip (IHF) and a largely deformed liquid jet (θ = 14°). These results agree well with the previous 

observations. It should be pointed out that string cavitation (SC) with very small diameter connecting two neighboring 

orifices are sometimes observed at Z/D = 1. Figure 5(b) shows the bottom view of the sac when SC appears. We clearly 

observed one or two string cavitations from an orifice to the neighboring orifices. This type of SC was reported by 

Hayashi et al. (2013) and we will call it twin string cavitation. 

 

 

(a) Front view of twin string cavitation, orifice wall cavitation, and liquid jet 

 

 

(b) Bottom view of twin string cavitation (V = 13 m/s) 

Fig. 5 Images of twin string cavitation and a discharged liquid jet at Z/D = 1 

 

Figure 6 shows the images of cavitation in the injector at very low needle seat gap of Z/D = 0.5. As shown in Fig. 

6(a), a string cavitation with large diameter occurs from the needle surface to the orifice exit. Once the string cavitation 

takes place, it appears steadily to produce a hollow-cone spray with very large spray angle of θ = 43 - 45 degrees. Figure 

6(b) shows the bottom view. We can confirm that only one SC appears in two orifices within three orifices due to the odd 

number of the orifices. This types of SC can be seen in the previous report by He et al. (2016). Since the number and 

steadiness of the SC is different from that can be observed ad Z/D = 1, we will call it single string cavitation. 

Figure 7 shows the probability of SC appearance PSC and spray angle θ. As shown in Fig. 7(a), PSC of single SC is 

1 at 𝑉 > 7 m/s, while PSC of twin SC is about 20%. Measured spray angle is summarized in Fig. 7(b). Spray angle θ at 

Z/D = 1 and V = 7 - 16 m/s sometimes with twin SC is 5 - 14 degrees, while θ with single SC at Z/D = 0.5 and V = 8 - 15 

6



2
© 2023 The Japan Society of Mechanical Engineers[DOI: 10.1299/jfst.2023jfst0023]

Nurcholik, Sou, Miwa, Kawaguchi, Matsumoto, Nishida, Wada and Ueki, 
Journal of Fluid Science and Technology, Vol.18, No.2 (2023) 

 
 

m/s is almost always about 43 degrees. Hence, we can conclude that twin SC is intermittent and slightly increases spray 

angle, while single SC is steady and induces very large spray angle. 

 

(a) Front view of single string cavitation and a hollow-cone spray  

 
(b) Bottom view of single string cavitation (V = 13 m/s) 

Fig. 6 Images of single string cavitation and a discharged liquid jet at Z/D = 0.5 

 

 

Fig. 7 Probability of string cavitation appearance PSC and spray angle θ 

 

4.2 Velocity distribution by high-speed PIV 

 

This section discusses measured velocity distribution by PIV analysis in the sac upstream of an orifice. Figure 8(a) 

shows measured velocity distribution with steady single SC at Z/D = 0.5, V = 10.5 m/s and ℓ = 2 mm. We can clearly see 

the formation of a steady swirling flow in the sac which cannot find by PIV analysis on a plane through the central axis 

of the sac. It should be noted that the maximum rotational speed is about as large as 70% of axial mean velocity V in the 
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orifice. As shown in Fig. 8(b), measured circulation Γ in the rectangular section of 6 mm x 3 mm around the orifice is 

found to be almost constant of Γ = -0.043 m2/s, which induces the hollow-cone spray by the large centrifugal force. 

Figure 9(a) shows velocity and vorticity distributions at Z/D = 0.5, V = 10.5 m/s and ℓ = 2 mm with single SC. We 

can confirm the large vorticity near the orifice. Figure 9(b) shows the results in the case when there is no single SC due 

to the odd number of the orifices. We can see a twin swirling flow near the orifice. Based on the above two flow patterns, 

we illustrate the three-dimensional flow structure in the sac for Z/D = 0.5 with single SC in Fig. 9(c). Since the test 

injector has three orifices, single SC with strong swirling flow can be formed in only two orifices. 

Figure 10 shows calculated Γ in the left half square of 3 mm x 3 mm and that in the right half of 3 mm x 3 mm of 

the rectangular section of 6 mm x 3 mm. The results at ℓ = 2 mm and 3 mm are almost the same. When twin swirling 

flow occurs, the magnitude of the circulation Γ in the right half is almost equal to that in the left half, and the sum of two 

circulations is almost zero. On the other hand, when single swirling flow takes place, the large magnitude of the total 

circulation induces a hollow-cone spray by the strong centrifugal force.  

 

 

Fig. 8 Measured velocity distribution and circulation at Z/D = 0.5, V = 10.5 m/s and ℓ = 2 mm  
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Fig. 9 Velocity distribution and vorticity in the sac at Z/D = 0.5, V = 10.5 m/s and ℓ = 2 mm 
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Fig. 10 Measured circulation in the sac at Z/D = 0.5  

 

5. Conclusions 

 

In order to investigate string cavitation flow in a diesel fuel injector, we carry out visualization of string cavitation 

in a transparent injector at different needle seat gaps as well as PIV analysis in the planes perpendicular to the axis of an 

orifice. As a result, it was found that twin string cavitation with small diameter appears intermittently at low needle seat 

gap of Z/D = 1 due to the formation of the twin swirling flow upstream of an orifice. In contrast, at the very low needle 

lift of Z/D = 0.5, stable single string cavitation with larger diameter is induced by the steady single swirling flow upstream 

of an orifice, which induces a steady spiral flow in the orifice and a hollow-cone spray, and significantly increases spray 

angle.  
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