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ABSTRACT This study evaluates the development of a new air jet impinging method related to a 
machine for extracting citrus juice and juice sacs. The method is based on a twin nozzle that moves in a 
spiral direction towards the depth of halved citrus fruits. In this study the effect of reservoir air pressure, 
nozzle velocity direction (depth of fruit), rotational speed of the nozzle, twin nozzle configuration (nozzle 
inclination and distance between nozzle outlets), and fruit size were studied on extraction efficiency. 
Maximum removed juice and juice sacs was observed at air pressure of 500 kPa, nozzle velocity of 10 
mm/s, and rotational speed of 20 rpm. Nozzle configuration was found to be a dominant parameter in 
extraction of juice sacs. Oblique adjacent twin nozzle showed higher extraction efficiency (96.92%) than 
normal detached twin nozzle (91%). Fruit size had no significant effect (5%) on extraction efficiency. 
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1. Introduction 
Several different methods have been used for extraction of citrus juice and juice sacs. Traditional citrus 
juice extraction methods involve the process of crushing, squeezing and pressing of whole fruit in order to 
obtain the juice. These methods are unsuitable because of their low efficiency of extraction and poor 
quality of the produced juice. Using these methods microbiological contaminants on the fruit surface and 
chemical residues on the peel (peel oil) may be desorbed into the solution.  
Some results have been published reporting the use of high speed fluid jets, jet impingement technology, 
to overcome the limitations of the above mentioned extraction processes. The process of fluid jet method 
consists of opening the fruit, separating it into two halves, and then extracting the juice sacs with the aid 
of high velocity fluid-jets. The fluid is infused into the fruit half forcing the fruit juice and juice sacs out 
of the fruit. The fluid used in the impingement method might be liquid or compressed gas, or a 
combination of both of them (Hayashi et al., 1981; Kock et al., 1991; Khazaei et al., 2008a). Schmilovitch 
et al. (2008) and Khazaei et al. (2008a) employed gas impingement technique as an efficient method for 
extracting pomegranate arils. 
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In the jet impingement method the peel surfaces do not contact the juice and juice sacs and high 
percentage of removed juice and juice sacs (Nahir and Ronen, 1993; Khazaei et al., 2008b). The other 
advantages of this method is the attainment of high quality products due to omit or reducing some 
thermal, chemical or other operations may be used to remove the peel oil and microbiological 
contaminants into the solution, resulting in the maintenance of nutritional, aroma and flavor compounds 
(Farnworth et al., 2000; Wu et al., 2005). Using this method, the produced intact peels can be considered 
as a by-product to recover citrus peel oil (Nahir and Ronen, 1993). The main advantage of jet 
impingement method is the capability of producing a juice product having a large volume of substantially 
whole juice sacs therein. The conventional methods are not able to extract the citrus juice sacs. In recent 
years, the consumer demand for fresh and freezed citrus juice sacs has stimulated a renewed interest in 
citrus market. Chemical methods used to extract the citrus juice sacs are almost costly.   
Many factors affect the performance and quality of extracted fruit juice and juice sacs by air-jet 
impingement method, including the air pressure, nozzle diameter, number of passes of nozzle, route of the 
nozzle over the surface of halved fruit, and the morphologic characteristics of fruits (Khazaei et al., 
2008a,b; Safa and Khazaei, 2006; Nahir and Ronen, 1993; Sarig et al., 1985). 
In the all conducted works on extraction of citrus juice and juice sacs by using the air jet impinging 
technique, the air jets moved in 2 dimensional space in a surface parallel to the surface of halved fruit. At 
this case, the air jets had no motion toward the depth of the fruit and subsequently the distance between 
the nozzle outlet and the active surface of fruit juice and juice sacs increased continuously during the 
extraction process. This problem reduces the normal impingement force applied on the active surface of 
the fruit and consequently reduces the percentage of removed juice and juice sacs. According to 
Abramovich (1963) as nozzle-to-impinging surface distance increases, the fluid velocity hence 
momentum and force decreases due to the jet spreading. Khazaei et al. (2008b) have also reported similar 
findings. This problem could be solved by using air jets move in 3D space with the motion toward the 
depth of the fruit. It was found no published paper concerning the using of 3D motion of single or twin 
nozzles that to be capable of traveling toward depth of fruit during extraction of fruit juice and juice sacs. 
The objectives of this study were to determine the extraction efficiency of citrus juice and juice sacs by 
using twin inclined air jets moved in 3D space and comparison the results with those reported by previous 
published papers for the air jets moved in 2D space. The detailed objectives of this study were to 1) 
determine the effect of air pressure, rotational speed of the nozzle, and velocity of the nozzle toward the 
depth of fruit on extraction efficiency, 2) investigate the effect of fruit size and twin nozzle configuration 
(nozzle inclination and distance between the nozzle outlets) on extraction efficiency. 

2. Materials and methods 

2.1. Samples 
Fruits used in the study were selected from Thomson variety obtained from a local market in Tehran, Iran. 
Damaged fruits were removed and the healthy fruits stored at 5oC until use. Uniform size fruits with 
average weight of 254 g were used in all experiments except when investigating the effect of fruit size on 
extraction efficiency. 



 
 

2.2. Equipment and procedure 
Fig. 1 shows major components of the machine, including: air compressor, air regulator, pressure gauge, 
flexible twin nozzle, carrier platform, rotary arm, two electric DC motors, electronic control unit, and fruit 
juice and juice sacs hopper. Twin nozzle (1) attached to the front end of the rotating arm (2) mounted on a 
carrier platform (3). The rotary motions of the arm (2) provided by electric motor (4) and forward/ 
backward motions of the carrier platform (3) provided by electric motor (5) (Fig. 2). 

 

Figure 1. Main parts of juice and juice sac extractor machine 
 
The combination of rotary and linear motion can enable nozzle to move in three-dimensional spiral route 
in order to scan interior of halved citrus fruit exceptionally. The electronic control unit (10) was able to 
produce variable rotation speeds from 0 to 60 rpm and linear velocities from 0 to 14 mm/s for twin 
nozzle.  Pressurized air produced by air compressor (6) flows through air regulator (7) and then is passed 
through the rubber tube (8) and rotary arm and eventually enters twin nozzle in order to extract juice and 
juice sacs and blow them out, where they are received in a suitable hopper-shape collector (9). 
Two sets of extraction tests were completed for citrus fruits. In the first set, the effect of reservoir air 
pressure (at 300, 500, 700, and 800 kPa), velocity of the nozzle toward the depth of fruit (at 6, 10, and 14 
mm/s), and rotational speed of the nozzle (at 12, 15, 20 and 60 rpm) were studied on extraction efficiency 
of citrus juice and juice sacs. A factorial experiment was arranged as a fully randomized design. Each test 
was replicated three times. These set of tests were conducted using an oblique adjacent twin nozzle of 3 
mm in diameter. Khazaei et al. (2008b) concluded that the nozzle at 3 mm diameter had maximum 
extraction efficiency. For all the experiments, the horizontal distance of the nozzle outlets from the fruit 
surface was fixed at 20 mm. 
Extraction efficiency of the machine was defined as the weight of removed juice and sacs, WR, expressed 
as a percentage of the weight of extractable juice and sacs, WE. Each test was started by measuring the 
weight of the halved fruit using an electronic balance with an accuracy of 0.01g. Thereafter, for 
determination mass of removed fruit juice and sacs, weight of the fruit half was determined following 
each extraction test, using the same balance. Weight of peel and internal partitions were determined by 
manually extracting non removed juice and sacs. Eventually the extraction efficiency, Ee, was calculated 
as follow 

 
(1) 



 
 

Where WR is weight of removed juice and sacs (g), WE is extractable juice and sacs (g), WP is weight of 
peel and internal partitions (g), WNR is weight of none removed juice and sacs (g) and WT is total weight 
of halved fruit (g). 
In the second set of experiments, the effect of fruit size (small, medium and large) and twin nozzle 
configuration according to Fig. 2 (normal detached, NDT, and oblique adjacent, OAT) were studied on 
extraction efficiency of citrus juice and juice sacs. Each test was replicated four times. In these tests, the 
reservoir air pressure, rotation speed, and velocity of the nozzle toward the depth of fruit were fixed at the 
optimum values obtained through the first set of tests. The mean diameters of the small, medium, and 
large fruits were determined to be 61, 75, and 88 mm, respectively. For the normal detached and oblique 
adjacent twin nozzle configurations distance between the nozzle outlets was set to d/2 and d/6, 
respectively, according to the mean fruit diameter, d (Fig. 2). 

 
Figure 2. Nozzle configuration and trajectory, top) oblique adjacent twin nozzle (OAT), down) normal 

detached twin nozzle (NDT) 

2.3. Statistical analysis 
The data were analyzed by ANOVA in order to examine the main effects of experimental factors and 
their interactions on Ee. Mean values of Ee were compared using Duncan’s multiple range tests. The 
statistical examination of the data was performed using SAS statistical package (SAS version 9.0). 

3. Results and discussion 

3.1. Determination of optimum jet impinging conditions 
The results showed that it is possible to obtain almost 100% extraction efficiency. Table 1 shows the 
results of analysis of variance carried out to examine the effect of reservoir air pressure, Nozzle velocity, 
and rotational speed of the nozzle on Ee of citrus fruits. To conduct these tests, the OAT nozzle was 
travelled in a spiral rout toward depth of fruit. The results showed that (Table 1), reservoir air pressure 
(AP), nozzle velocity (NV) and rotational speed of nozzle (RS) had significant effect on the Ee (P = 0.01). 



 
 

The interaction effects of the independent variables were also significant, except for the interaction of 
nozzle velocity and rotational speed of the nozzle (P = 0.01). Step-by-step analysis of the data showed 
that the reservoir air pressure had the greatest effect on Ee values while the rotational speed had the least. 
Khzaei et al. (2008b) also reported that air pressure was a major factor in extracting citrus juice and juice 
sacs. Present results were also compared with maximum values of Ee reported by Khzaei et al. (2008b). 
They suggested a nozzle with a planar motion in a figure of eight route with five passes over the halved 
fruit to obtain highest percentage of extracted juice and sacs. 
 
Table 1. Analysis of variance for the effect of reservoir air pressure, nozzle velocity, and Rotational speed 
of nozzle on the extraction efficiency 

Source of variation df SS MS F 
Nozzle velocity (NV) 2 1145 572 14.8** 
Rotational speed (RS) 3 1821 607      15.7** 
Reservoir air pressure (AP) 3 35360 11787      304** 
NV × AP 6 847 141  3.64** 
RS × AP 9 2764 307  7.92** 
NV × RS 6 130 21.7        0.56ns 
NV × RS × AP 18 299 16.6        0.43ns 
Error 94 3644 38.7  
**and* significant at 1% and 5%, respectively. ns: not 
significant. 

3.1.1 Reservoir air pressure 
Table 2 shows the results of interaction effects of reservoir air pressure and nozzle velocity on extraction 
efficiency. For all the levels of nozzle velocity, Ee tended to increase as air pressure increased; however, 
at higher air pressures, only small differences in Ee were observed among the NV levels (Table 2). It was 
found that the Ee increased rapidly as the reservoir air pressure was increased from 300 to 500 kPa (Fig. 
3). With an increase in air pressure from 300 to 500, 500 to 700 and 700 to 800 kPa, the mean values of 
Ee increased by 56, 3 and 2%, respectively. This means that, at lower reservoir air pressure levels every 
unit increase in air pressure was higher effective in Ee. Khzaei et al. (2008b) reported higher rates of 
increase in Ee at higher levels of air pressure. This revealed considerable enhancement in Ee using low 
levels of AP in comparison with those reported by Khzaei et al. (2008b). 
 
Table 2. Duncan’s multiple range test for comparison of the mean extraction efficiency for different levels 
of reservoir air pressure and nozzle velocity. 

Nozzle velocity (mm/s) Reservoir air pressure, kPa 
 300 500 700 800 Average 

6 68.1C 94.5A 97.2A 97.6A 89.4 
10 56.4D 93.3AB 96.3A 97.3A 85.8 
14 52.2D 88.7AB 92.8AB 96A 82.4 

Average 59 92.2 95.4 97 
The means with different letter in each column or row show significant differences at 1%. 



 
 

 

 
Figure 3. Effects of reservoir air pressure on Ee (Rotational speed of 20 rpm) 

 
Reservoir air pressure was an important factor considerably affecting quality of extracted juice sacs. With 
800 kPa reservoir air pressure large amounts of the juice sacs were Busted, and the amounts of ruptured 
juice sacs increased with increasing air pressure. Therefore, simultaneously obtaining maximum capacity 
of machine and large amounts of whole sacs is difficult. In other hand applying high values of air pressure 
results increase total energy consumption, an important factor in the efficiency of the system. The data 
showed that at air pressures of 500 and 700 kPa, the difference between mean values of Ee for the all 
levels of nozzle velocity were not significant (Table 2). It may be concluded that, minimum effective AP 
was about 500 kPa (Fig. 3). 

3.1.2 Nozzle velocity 
The data showed that nozzle velocity had decreasing effect on Ee (Figs. 3 and 4, Table 2). The mean 
values of Ee for nozzle velocity of 6, 10, and 14 mm/s were equal to 89.4, 85.8 and 82.4%, respectively. 
Table 2 and Fig. 4 indicate that the effect of nozzle velocity on Ee was more significant at lower air 
pressures. Nozzle velocity can be used as an indicator of time required to extraction of citrus juice and 
juice sacs and also the efficiency of the system. The effect of extraction time on Ee is plotted in Fig. 5 
where obtained results are comparing to that found by Khazaei et al. (2008b) using planar rout of nozzle. 
Khazaei et al. (2008b) applied number of passes of nozzle over the surface of halved fruit, as an indicator 
of the extraction time. Required time in their study for the each pass was about 2 s. Khazaei et al. (2008b) 
reported maximum extraction efficiency, 88% by using air pressure of 600 kPa, 5 passes of the nozzle 
(i.e. extraction time of 10 s). Step-by-step comparison of the results indicated that increase of extraction 
time, especially at higher levels of air pressure has a weaker effect on the rates of increase Ee in the 
present study i.e. high amounts of Ee can be achieved even by spending low extraction time. It is clear 
that using twin nozzle with 3D motion yielded much more extraction efficiency in comparison with 



 
 

reported data by Khazaei et al. (2008b) (Fig. 5). The mean enhancement of Ee at the same AP (=300 kPa) 
used in both study was about 70.7%. 

 
Figure 4. Effects of nozzle velocity on Ee (Rotational speed of 60 rpm) 

 

 
Figure 5. Effects of extraction time on Ee (rotational speed of 20 rpm) in comparison with Khazaei et al. 

(2008b)        

3.1.3 Rotational speed of nozzle 
Rotational speed of nozzle was also an important factor considerably affecting the performance of air jet 
machine. Corresponding mean values of the Ee at rotational speeds 12, 15, 20 and 60 rpm were, 87, 87.1, 
89.4 and 79.9%, respectively. As it can be seen in Fig. 6 and table 3, significant difference was not 



 
 

observed between mean values of Ee for 12 and 15 rpm. Increase in RS from 15 to 20 rpm, increased the 
ability of the machine in removing the juice and juice sacs by 2.6% (Table 3). 
 
Table 3. Duncan’s multiple range test for comparison of the mean extraction efficiency for different levels 
of reservoir air pressure and rotational speed of nozzle. 

Rotational speed (rpm) Reservoir air pressure, kPa 
 300 500 700 800 Average 
12 63.23BC 92.23A 95.4A 97.36A 87.05 
15 61.88C 93.67A 95.4A 97.07A 87.09 
20 70.06B 93.36A 96.26A 97.98A 89.41 
60 40.42D 89.55A 94.22A 95.57A 79.94 
Average 58.89 92.2 95.40 96.99 
The means with different letter in each column or row show significant differences at 1%. 
 

Fig. 6 shows the interaction effects of rotational speed of nozzle and reservoir air pressure for nozzle 
velocity of 14 mm/s. It is clear that at high levels of air pressure using rotational speed of 12 rpm, results 
in low values of Ee. Regarding the rotational speeds (12, 15, 20, and 60 rpm) and corresponding period 
values (5, 4, 3, and 1 s-1, respectively), this can be deduced at low levels of RS and NV of 14 mm/s (i.e. 
extraction time of 2.5 s), each nozzle does not have enough time to make a complete rotation and hence it 
couldn’t be able to scan entire fruit surface (Fig. 6). While at reservoir air pressure of 300 kPa, when the 
air jets are weak, it is more appropriate to use RS of 12 than 15 rpm (Figs. 6 and 7). In this case when the 
rotational speed of 12 rpm is used, nozzle rotates slowly over the fruit surface and time of inducing force 
on specific sac increases. 

 
Figure 6. Effects of rotational speed of nozzle on Ee (nozzle velocity of 14 mm/s) 

 
Experimental observations showed that rotational speed of nozzle can be considered as one of major 
parameter in jet penetration into the fruit. However jet penetration depth depends strongly on air pressure, 
rotational speed of nozzle as well as mechanical properties of citrus sacs. 
It was found when the rotational speed was increased from 20 to 60 rpm, for any given NV, extraction 
efficiency decreased (table 3, Figs. 6 and 7). The decrease in the extraction efficiency at the rotational 



 
 

speed of 60 rpm may be explained as follows: twin nozzle at 60 rpm rotates so fast over the fruit surface 
with weak penetration and a strong deflection of the jet from surface. It causes to induce insufficient force 
on sacs hence jet passes so fast over the sac without any desirable penetration or extraction. 
In conclusion favorable conditions for maximizing Ee and minimize damage to the sacs belonged to 
reservoir air pressure of 500 kPa, nozzle velocity of 10 mm/s, and rotational speed of twin nozzle at 20 
rpm, with a corresponding extraction efficiency of 94.5%. It is expected that air-jet machine with just a 
twin nozzle could process 79–183 kg citrus fruit per hour depending on nozzle velocity. In these 
calculations the average mass of each single fruit was assumed to be 254 g. 

 
Figure 7. Effects of rotational speed of nozzle on Ee (reservoir air pressure of 300 kPa) 

3.2. Effect of nozzle configuration and fruit size on extraction efficiency 
In the second set of extraction tests, oblique adjacent twin nozzle gave the better extraction efficiency 
with the overall Ee of 96.9%, than normal detached twin nozzle with the overall Ee of 91%, for all three 
investigated fruit size. Fig. 8 depicts the extraction efficiency as a function of citrus size for two nozzle 
configuration. 

 
Figure 8. Effects of fruit size on extraction efficiency for two nozzle configuration 



 
 

The results show that the yielded Ee for NDT nozzle decreased rapidly with the increasing of citrus size. 
For NDT nozzle the Ee was ranged from 98.51to 82.19% whereas this range was from 100 to 92.61% for 
the OAT nozzle. OAT nozzle issues two inclined jets that penetrates in sacs and impinges on the lateral 
peel and then exhausts parallel to the peel (Fig. 9, top). Masuda et al. (1994) studied surface cleaning by 
the air jets. The angle at which the removal efficiency had its maximum value was found to be about 30o. 
It may be concluded that delivering thick wall jet parallel to the surface cause to appropriate detachment 
of particles from the surface (may be sacs from the peel). In case of NDT nozzle air jets impinge normally 
on the sacs layers without any effective force on fruit peel (Fig. 9, down). It caused to remain non-
extracted sacs on peel, especially on the lateral portions. It was observed that non-extracted sacs increased 
with increasing fruits diameter using NDT nozzle. 

 
Figure 9. Top) Oblique adjacent twin nozzle (OAT), down) Normal detached twin nozzle (NDT) 

 
In addition to jet inclination, distance between the nozzle outlets (jet-to-jet distance) was found to be 
important in extraction performance. In the NDT nozzle because of large distance between the nozzle 
outlets, it produces two single jets with no interaction between them (Fig. 9, down). Using adjacent jets 
(OAT nozzle) caused to jets merge during impinging and force to be concentrated on the fruit peel. Due 
to jet merging air jets had desirable penetration parallel to the fruit peel (Fig. 9, top). This suggests that 
the nozzle configuration plays a critical role in enhancement of extraction efficiency. 
 

4. Conclusion 
Juice and juice sacs extraction of halved citrus fruits has been accomplished by twin air jet that moves in 
spiral route. Effects of jet impinging condition, nozzle configuration, and fruit size have likewise been 
studied. The conclusions of this work could be summarized as follows: 
1) Significant enhancement in extraction efficiency can be achieved using of 3D motion of nozzle 
compared to the planar 2D motion. It is possible to obtain 94.5 % (Ee). 
2) All the three independent variables AP, NV, RS significantly affect on the extraction efficiency at the 
significance level of 1%. 
3) The most effective performance in terms of quantity and quality was obtained at 500 kPa reservoir air 
pressure, 10 mm/s nozzle velocity and rotational speed of 20 rpm. 
4) Besides unique trajectory of nozzle outlets, the nozzle so shaped as to extract all juice sacs due to jet 
inclination. 
5) The oblique adjacent twin nozzle is offers an effective nozzle configuration for juice sacs extraction 
that can operate quite independently of the fruit size. 



 
 

6) The machine can be considered as a simple, highly reliable, and affordable device for extraction of 
citrus juice and juice sacs. Moreover extraction of other citrus varieties with different size is easily 
possible by adjustment of the radial position of nozzle outlets. 
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