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Abstract 

A vortex tube (VT) is a simple and useful fluid dynamic device, used to obtain 

both cold and hot flows from compressed gas at room temperature. It can produce a 

cold flow measuring around -30°C, and a hot flow of up to around 130°C. Until 

now, the theory and model analysis of the energy/temperature separation inside of 

VT is proposed by a number of researchers. From those theories, it is generally 

accepted that the generation of the cold flow is caused by an adiabatic expansion, 

which occur after a compressed gas flows through an inlet nozzle. However, details 

about the physics of the cold flow generation, from the fluid dynamics view point 

still remain unclear. 

The objective of this study is to clarify the energy separation mechanism 

(ESM) of VT. Therefore, in order to accomplish this objective, experimental and 

analytical studies were carried out. In order to clarify the flow structure of the cold 

exit flow, the total temperature and Pitot pressure of a cold flow center were 

measured. In addition, two simple flow visualization techniques were used to 

observe the reversed flow at the cold exit. The mixing temperature of cold and hot 

flows were also measured to clarify the performance of VT used in this research. 

In Chapter 1, the basic idea about a VT, such as its history, the types, the 

example of usage, and the advantages/disadvantages of a VT is introduced. A 

proposed flow pattern inside a Counter-flow VT is also explained. In the literature 

section, the researches on the geometrical optimization of the VT, and the flow 

pattern inside a VT are included with a discussion on the contrary points of the 

researches. The objectives of this thesis are also described in this chapter. 

Chapter 2 describes the experimental apparatus and procedures of the total 

temperature/pressure measurement methods, and the flow visualization techniques. 

The specifications of the equipment and measurement devices are shown in this 

chapter. There are two simple flow visualization techniques. Both techniques use 

needle and oil paint droplet. The first technique uses an oil paint droplet, on a 

0.75mm-diameter needle. The oil paint droplet on the needle is positioned along the 

centerline of the cold flow. The movement of the oil paint droplet represents the 

flow direction of the cold flow. Another technique uses a 0. 70mm-diameter needle 

with 1 0 small holes which can exudate colored oil (exudation needle). The 

exudation needle is inserted into the cold flow along the centerline. Then the 

colored oil is injected to the exudation needle little by little and exuded from the 

small holes. The flow direction of the colored oil on the exudation needle 

represents the flow direction of the cold flow. 

In Chapter 3, the development of total temperature probe with the objective 
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and structure of the probe is explained. Those probes are named as Type 1, 2, and 3. 

An evaluation experiment is conducted using the Type 1, 2, and 3 to determine the 

effects of probe angle along th~ centerline of a sonic jet nozzle on the measurement 

accuracy. Results show that the largest measurement error for Type 1, 2, and 3 are 

-1.3 °C, -1.1 °C, and -0. 7°C, respectively. From these results, the effect of the 

angle of the thermo~ouple on the total temperature measurement is negligibly 

small. 

Chapter 4 reports the results of total temperature/pressure measurements and 

flow visualization at cold exit. The experiments of the effects of the cold fraction 

on the measurement were carried out with the Type 3 total temperature probes and 

Pitot pressure probe. From the results, a negative and positive gauge pressure 

regions are measured. It implies the possibility of a direct/reversed flow at the cold 

exit. To clarify the flow direction, two kinds of flow visualization are conducted. 

The flow direction of the cold flow is determined by the movement of the oily paint 

droplet. From the results, a reversed flow is observed around the center of cold exit 

at a smaller cold fraction. The length of reversed flow increases as the cold fraction 

decreases, which implies the decrease in the pressure at the core of the vortex 

chamber. A lower pressure in the vortex chamber means a lower static/total 

temperatures at the core of vortex chamber and a higher static/total temperatures at 

the outer region of the vortex in the vortex chamber. This is the effect of cold 

fraction on the EMS at an arbitrary inlet pressure. When the inlet pressure increases 

at an arbitrary cold fraction, the tangential velocity increases, which results in a 

lower static/total temperatures at the core of the vortex chamber and a higher 

static/total temperatures at the outer region of the vortex in the vortex chamber. 

Chapter 5 describes a mathematical model analysis of compressible vortex 

flow with a review of some literatures. The basic equations, the laminar vortex 

solutions, turbulent vortex solutions, and problems with VAB model are explained. 

The improvement of the VAB model is conducted by replacing the laminar Prandtl 

number with a laminar plus turbulent Prandtl numbers. The results show that the 

total temperature is roughly independent of the summation of laminar and turbulent 

Prandtl numbers. The EMS in a turbulent compressible vortex is discussed and 

proposed, by examining the V AB model. The results show that a hotter gas in the 

peripheral region of the vortex is mainly caused by heat generated by viscous 

dissipation, and colder gas in the vortex core is mainly generated by viscous shear 

work done on the surface of the fluid element to the surrounding gas. 

Finally, the conclusions of this study based on the implementation of 

objectives are summarized in Chapter 6. 
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1. Introduction 

1.1 Introduction of vortex tube 

A vortex tube (VT) is a simple and useful fluid dynamic device, used to obtain 

both cold and hot flows from a compressed gas at room temperature. It can produce 

a cold flow measuring around -30°C, and a hot flow of up to around 130°C. In 

1930's, Ranque was the first to have discovered the energy/temperature separation 

phenomenon [ 1]. The first invented vortex tube by Ranque is shown in Fig. 1.1. 

Later in 194 7, the flow mechanism of the vortex tube was investigated by Hilsch[2]. 

Since then, the vortex tube is also known as The Ranque-Hilsch Vortex Tube 

(RHVT). 

There are a lot of advantages to VT, such as being light, small, with no 

moving parts, no need for maintenance, and an instant supply of cold flow. But, VT 

has low thermal efficiency and low coefficient of performance (COP), which is 

defined by the following equation; 

(1.1) 

where E is the cold fraction, cP is the specific heat at constant pressure, Tin is 

the inlet temperature, Tt,cold is the mixing temperature of cold flow, y is the 

specific heat ratio, R is the gas constant, Pin is the inlet pressure, and Patrn. is the 

atmospheric pressure. 

Figure 1.2 shows the comparison of COP between VT and other conventional 

cooling devices. As shown in the figure, the COP ofVT is much lower compared to 

other cooling devices. But, compared to other conventional cooling devices, VT 

has a lot more merits to overwhelm the disadvantage, such as being small, 

lightweight, cheap, environmentally-friendly (no need for refrigerant), maintenance 

free (no moving part), and using a non-explosive device (no need of electrical 

power input). The VT has been mainly used as a device to cool small area, for 

example, electrical devices, thermal sensors, controlling cabins, cutting tools and 

areas under thermal stresses [3]. In addition to that, VT is also expected to be used 
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as an oxygen collector of aero-propulsion engine for a subsonic-to-supersonic 

vehicle in in-flight condition [4], or as a device to clean exhaust gas of an internal 

combustion engine [ 5] as shown in Figs. 1.3 and 1.4, respectively. 

There are 2 types of VT as shown in Fig. 1.5. Figure 1.5(a) is Uni-flow VT 

which consists of a vortex chamber, multiple or a single inlet nozzle, a control 

valve, and a tube. The center of the control valve at the end of the tube is an exit 

where a cold flow is discharged (cold exit). The peripheral area of the control valve 

is another exit where a hot flow is discharged (hot exit). Figure 1.5(b) is 

Counter-flow VT which consists of a vortex chamber, multiple or a single inlet 

nozzle, a control valve, and a tube. The cold exit is located at the center of the tube 

near inlet nozzle and hot exit is located at the peripheral of control valve at the 

other end. According to previous researches [6-7], the performance of counter-flow 

VT is better than the uni-flow VT. Therefore, in this research, I focus on 

counter-flow VT. 

Next, a generally thought to occur flow pattern inside the Counter-flow VT is 

explained. As was shown in Fig. 1.5(b), compressed air enters a VT through a 

single or multiple tangential nozzles, and a high-speed vortical flow is generated in 

the vortex chamber. A part of the rotational flow follows the tube wall towards the 

opposite end; hot end. Then, this flow exits as a hot flow at the hot exit. The core 

flow, is forced back towards the vortex chamber by a control valve, and exits as a 

cold flow at the cold exit. The temperatures of cold and hot flows can be changed 

by adjusting a cold fraction &, which is a ratio of the mass flow rate of a cold flow, 

rhcozd, to the inlet mass flow rate, rhin; 

(1.2) 

The cold fraction is adjusted by axially moving the control valve left or right. 

From the definition of Eq.(1.2), the cold fraction value varies from 0 to 1. Cold 

fraction & = 0 means, no flow exits from the cold exit, and & = 1 means all flow 

inside the tube is discharged from the cold exit. A smaller value of the cold fraction 

produces a lower temperature of the cold flow, and a larger value of the cold 

fraction produces a higher temperature, closer to inlet temperature, of the cold flow 

[8]. For the hot flow, lower value of cold fraction produces a lower temperature of 

the hot flow, closer to inlet temperature, and higher value of cold fraction produces 
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higher temperature of the hot flow [8]. Therefore, to obtain a lower temperature of 

cold flow, the value of cold fraction should be smaller, and to obtain a higher 

temperature of hot flow, the value of cold fraction should be larger. 

The performance of VT is affected by the parameter of inlet nozzle, tube, 

control valve etc. Nowadays, many researchers are focusing on improving the 

performance of VT by changing geometrical parameters of VT. According to 

research works conducted in the past [6, 9-11], there are several ways to evaluate 

the performance of energy separation of the VT, in addition to COP in Eq.(1.1). For 

example, temperature difference ll.Tt,cozd, ll.Tt,cold and ll.Tt,hot' total temperature 

difference ll.Tt, cooling capacity Qc, energy separation efficiency 1'/sep [9], energy 

separation flux energy 1Jtzux [10], exergy efficiency 'lex [6], and isentropic 

efficiency 'lis [ 11] defined by the following equations; 

Temperature difference (inlet-cold) 

llTt,cold = Tin - Tt,cold 

llTt,cold = Tin - Tt,cold 

; Center temperature 

; Mixing temperature 

Temperature difference (hot-inlet) 

llTt,hot = Tt,hot- Tin 

Total temperature difference (bot-cold) 

I:!,.Tt = Tt,hot- Tt,cold 

Cooling capacity 

Qc = rhcoldcpi:!,.Tt,cold 

Energy separation efficiency 

_ Tin-1\,cold 
1Jsep - 11~ 

-ill+T: 
2Cp S 

Energy flux separation efficiency 

rhcold X Cp(Tin-Tt,cold) 
1J[lux = - .. - y-1 

mm ..L_RT· ( Pin )y -1 
y-1 m Patm 

Exergy efficiency 

where, 

3 

=COP 

(1.3) 

(1.4) 

(1.5) 

(1.6) 

(1.7) 

(1.8) 

(1.9) 

(1.10) 



~ · . [ - ( Tt,cold Pcold)] . V~old L Eout,cold = mcold cp(Tt,cold - Tatm)- Tatm Cpln-T-- Rln-- + mcold -
2

-
atm Patm 

~ · . [ - ( Tt,hot Phot )] . V~ot . L Eout,hot = mhot cp(Tt,hot- Tatm)- Tatm Cpln-T - Rln- + mhotz + mhotBZhot 
atm Patm 

Isentropic efficiency 

_ Tin-f't,cold 

TJis - (Y-1)] 
T· 1_(Patm) Y 

m Pin 

(1.11) 

where Tin is the inlet temperature, Tt,cold is the total temperature of cold flow at 

the center of cold exit, Tt,hot is the mixing temperature of hot flow, Vin is the 

flow velocity at inlet, T5 is the static temperature of expansion gas at vortex 

chamber, Tatm is atmospheric temperature, mhot is the mass flow rate of hot 

flow, v cold is the velocity of cold flow, Vhot is . the velocity of hot flow, g is 

gravitational acceleration, zhot is the height difference between the hot exit and 

the inlet 

Until now, the theory and model analysis of the energy/temperature separation 

inside VT is proposed by a lot of researchers [12-15]. From those theories, it is 

generally accepted that the generation of the cold flow is caused by an adiabatic 

expansion, which occurs after a compressed gas flows through an inlet nozzle. 

However, details about the physics of the cold flow generation, from the fluid 

dynamics view point still remain unclear. The theory on the generation of the hot 

flow is also still incomplete. The vortex flow in VT produces a pressure 

distribution inside VT where the core pressure of the tube is lower, and the 

peripheral pressure is higher. According to the theory of fluid dynamics, the lower 

pressure is caused by expansion of compressed gas, which generates a colder flow. 

Inversely, a higher pressure is produced by compression of gas, which generates a 

hotter flow. However, according to the past experimental and numerical researches 

[ 16-17], the pressure at the peripheral region of the tube is actually lower than the 

inlet pressure, which denies the theory of the compression inside the tube. 

Therefore, the theory of the energy/temperature separation inside VT still remains 

unclear and debatable. 
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Fig. 1.1 Vortex tube invented by George Ranque [ 18] 
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Fig. 1.2 Comparison of COP between vortex tube and other cooling devices [19] 
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Fig. 1.3 Integrated liquid-02 collector plant architecture [4] 

Fig. 1.4 Application ofVT as an exhaust device in internal combustion engine [5] 
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Fig. 1.5 Classification ofvortex tube 

7 



1.2 Literature review 

Several numerical and experimental works had been done to investigate the 

performance of the VT. Takahama[20] studied the energy separation efficiency, 

velocity distribution, and temperature distribution inside the tube, experimentally. 

He reports a formula for the profiles of velocity, temperature and energy of air 

flowing in a standard vortex chamber. Later, Takahama et a1.[9] studied the effects 

of divergent tube with a divergent angle of 1. 75° on the performance of VT. They 

report that the performance of divergent vortex chamber is better than the straight 

tube with the same length of tube. But, they studied on only one divergent vortex 

chamber without changing the angle of the divergent. Saidi et al. [21] studied the 

effects of parameter on the performance of VT by changing diameter and length of 

main tube, diameter of cold exit, shape of entrance nozzle, and types of working 

gas. They used a tube with an inner diameter of 18 mm. They report the optimum 

value of length to inner diameter ratio (LID) is 55.5, cold exit diameter is 50% of 

inner diameter of tube, and diameter of inlet nozzle is 3.5 mm with 3 inlets. They 

also report that helium is better than oxygen or air as the w~rking gas for a higher 

performance of VT. Behera et al.[22] performed a Computational Fluid Dynam~cs 

(CFD) analysis and experimental investigation to optimize the geometry of VT. 

They reports that the optimum size of the cold exit is 58% of the diameter of the 

tube. Nimbalkar[23] performed similar experiments to determine the optimum size 

of the cold exit. He reports that the optimum diameter of the cold exit is 50% of the 

diameter of the tube, which is same as Saidi et al.[21] but 8% smaller than the 

result ofBehera et al.[22]. Wu et al.[24] proposes a new nozzle with an equal Mach 

number gradient and flow velocity at the inlet nozzle. They report that the cooling 

effect with the new nozzle is improved compared to the conventional nozzle. Aydin 

et al.[8] proposed a new helical type of vortex generator for a counter-flow VT. 

They report that the new helical type of vortex generator has an obvious and 

superior effect on temperature separation with a temperature difference between 

cold flow and inlet flow is up to 45.5°C at inlet pressure of 0.5MPa. Markal et 

a1.[25] investigated the effect of the control valve's head angle of a counter-flow 

VT. They report that this effect is generally negligible in a large length to tube inner 

diameter ratio. Chang et al.[26] investigated the effect of a divergent vortex 

chamber to the performance of the VT, just like Takahama et a1.[9], with variation 
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of divergent angle of tube. They report that the performance of the VT can be 

improved by using the divergent tube with a divergent angle not more than 6°. 

Avci[27] studied the effects, of nozzle aspect ratio and the nozzle number of a 

helical vortex generator, on the performance of the VT. He reports that the 

temperature difference increases with increasing nozzle aspect ratio and single 

nozzle leads to better performance than the VT with 2 and 3 nozzles. 

Uluer et al.[28] used an artificial neural network (ANN) for modeling the 

performance of the counter flow VT. They performed an experiment using a VT 

with 2, 3, 4, 5, and 6 inlet nozzles. The input parameters are inlet pressure, the inlet 

nozzle number and the cold fraction. The obtained temperature data is used as 

output parameters for the ANN. They report that ANN model can be trained to 

provide satisfactory estimations of temperature gradient. Korkmaz et al.[29] also 

·used ANN to predict the performance of VT. They modeled the VT with ANN 

using experimental data to study the effects of conical valve angle, inlet pressure 

and length of the tube to the performance of VT. They report that ANN can be used 

to predict the performance of VT and is a reliable option in modeling the 

thermo-fluids systems. Khazaei et al.[30] investigated the effects of gas properties 

and geometrical parameters on performance of a vortex tube using a CFD model. 

They report that the cold temperature difference increases by using working gas 

with a larger specific heat ratio, and the hot exit dimension and its shape have a 

negligible effect on temperature distribution in a VT. 

Several researchers studied the flow structure inside VT numerically and 

experimentally. Xue et al.[31] studied the flow structure in a VT, which is 

immerged under water, using air bubble as seeding particle. They used water as the 

working fluid, so no compressio~ and expansion occur inside the tube. They report 

the axial and swirl velocity of the flow inside the tube and the image of flow 

visualization inside the tube. Later, Xue et a1.[16] used a Cobra probe to measure 

the pressure inside a large VT with an inner diameter of 60 mm and a length 2000 

mm. They calculate the velocity of flow inside VT based on the measured pressures. 

They report that the gradually changed static pressure distributions along the VT 

axis indicates the transformation of a forced vortex at cold exit side to a free vortex 

at hot exit side. They also proposed a flow pattern with a stagnation point exists 

inside VT. Behera et al. [ 17] numerically investigated the flow behavior and energy 
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separation inside VT. They report a different flow pattern from Xue et al. [ 16] with 

no stagnation point inside the tube. 

Several researchers published review papers on the VT. Eiamsa-ard et al. [3] 

summarized the experimental, theoretical, analytical and numerical studies on VT. 

They report a guideline of constructing a high performance VT and inconsistencies 

between each research. Xue et al.[32] published a critical review of temperature 

separation in a vortex tube. They summarized the theories and main factors of the 

energy separation mechanism (ESM) and proposed the important point for 

clarifying the ESM. 

From the literatures reviewed in this section, it can be understood that the 

performance of VT is affected by the parameters including inlet nozzle number, 

cold exit diameter, inlet diameter, tube length, etc. At this point, the optimal 

geometry to obtain a higher performance of counter flow VT is experimentally well 

known. Even with similar parameters, the results obtained by each researcher are 

different with each other. But, the optimal geometry of the counter flow VT is 

similar to each other. On the contrary, the flow pattern inside the tube, which is a 

key point of the ESM, is still remaining unclear. One of the reasons of this will be 

attributed to the difficulty in measuring a vortical high-speed flow in a small radius 

tube. It can be concluded from the literature review that the optimal geometry of 

counter flow VT is obtained experimentally, but the ESM is remaining unclear even 

with a lot of researches which has conducted in the past 80 years. 
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1.3 Objective 

In this thesis, I perform experimental and analytical studies of VT in order to 

clarify the ESM of counter flow VT. This is because the author believes that deeper 

understanding of ESM in VT enables us to raise various energy related efficiencies 

introduced in this chapter, leading VT to apply to a wider engineering field, 

including refrigeration. However, the ESM of VT is not fully understood despite of 

many research works conducted in the past. Several researchers have 

experimentally, theoretically and numerically studied, the velocity, temperature and 

pressure inside VT [ 16-17], proposing several mechanism about thermal energy 

separation. However, the flow discharged from the cold exit has not been studied 

well. 

In this research, a special attention is paid to the cold flow discharged from the 

cold exit. This is because the energy separation in the VT is expected to occur 

mainly in a vortical flow in a vortex chamber. Therefore, the flow structure and 

temperature distribution in the cold flow, which is close to the vortex chamber, is 

expected to be closely related to that of the vortical flow in the vortex chamber for 

obtaining insights about the ESM in the VT. The objectives of this study are 

summarized as follows: 

(1) To clarify the flow structure of vortical cold flow at the cold exit by the 

measurement of total temperature and Pi tot pressure, and flow visualization. 

(2) To clarify the relationship between the structure of cold flow and EMS in the 

VT, especially in the vortex chamber. 

(3) To clarify the physics about the EMS occurring in a turbulent compressible 

vortex by mathematical model analysis, in order to assist the understanding 

ofESMinVT. 
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1.4 Thesis outline 

In order to accomplish the objectives of this study, experiments and 

mathematical model analysis are carried out. The outline of the chapters in this 

thesis is given as follows; 

Chapter 1 introduces the basic idea about a VT; explaining the history, the 

types, the example of usage, and the advantages/disadvantages of a VT. A proposed 

flow pattern inside a counter flow VT is also explained. In the literature section, the 

researches on the geometrical optimization of the VT, and the flow pattern inside a 

VT are included with a discussion on the inconsistencies about the results obtained 

by different researchers. Then, the objectives of this thesis are also expressed in this 

chapter. 

Chapter 2 describes the experimental apparatus and procedures of the total 

temperature/pressure measurements at the cold exit, and the flow visualization 

techniques. The specifications of equipment and measurement devices are shown in 

this chapter. In flow visualization techniques, a needle with 10 holes, and an oil 

paint droplets are used. 

Chapter 3 explains the development of total temperature probe with the 

objective and structure of the probes. An evaluation experiment is conducted to 

determine the measurement accuracy of the originally developed probe and the 

results are discussed. 

Chapter 4 reports the results of total temperature/pressure measurements and 

flow visualization at the cold exit. The experiments were carried out with the 

invented total-temperature probe and Pitot pressure probe. The effects of the cold 

fraction on the measurement results are explained. The flow direction of the cold 

flow is determined by flow direction of the oil paint droplet on the needle. The 

movement of the oil paint is recorded with a video camera and a high speed camera. 

From these results, the expected flow pattern is discussed. 

Chapter 5 describes a mathematical model analysis of isolated unconfined 

compressible vortex flow with a review of some literatures. The basic equations, 

the laminar vortex solutions, turbulent vortex solutions, and problems with VAB 

model are explained. The improvement of the VAB model is conducted by 

replacing the laminar Prandtl number with a laminar plus turbulent Prandtl 

numbers. The EMS in a turbulent compressible vortex is discussed and proposed, 
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by examining the VAB model in detail. 

Chapter 6 summarizes the conclusions of this study based on the 

implementation of objectives. 
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2. Experimental Apparatus and Methods 

In this chapter, experimental apparatus used in this research is explained. In 

addition, pressure/temperature measurement methods and flow visualization 

methods are also described. 

2.1 Experimental apparatus 

Figure 2.1 shows a schematic diagram of the experimental setup of 

counter-flow VT used in this study. Dehumidified compressed air up to lMPa is 

continuously supplied to air tanks of 1m3 X 2 units. Then, the air is supplied to the 

vortex chamber of @ VT, through CD mass flow meters, @ stagnation chamber 

and @ pressure control valve. Then, a vortical flow is generated through the inlet 

tangential nozzles in the vortex chamber. The cold flow exit is located near the inlet 

of the tangential nozzles, the left end of @ VT in the figure. The hot flow exit is 

at the opposite end of the VT. The inlet temperature and pressure were measured by 

@ temperature/humidity sensor and (J) digital manometer, respectively. The inlet 

pressures and mass flow rate were manually controlled by @ pressure control 

valve. The flow temperature discharged from the cold and hot exit was measured 

by ® total temperature probe. The pressure discharged from the cold exit was 

measured by @ Pitot pressure probe. The distances between the tip of the total 

temperature probe and Pitot pressure probe to the cold exit plane were adjusted by 

a traverser. The measured temperature was displayed by ® temperature/humidity 

indicator and @) temperature indicator, and these data was recorded manually. The 

analog voltage signals from the @ positive pressure sensor, @ negative pressure 

sensor, and CD digital manometer were converted to digital signals by ® AID 

converter and were sent to @ personal computer. The specification of the 

equipment and devices used in this experiment are shown in Table 2.1. 

The dimensional details of the VT used in this research are shown in Fig. 2.2. 

It has an inner vortex chamber diameter Dvc = 26mm with a length Lvc = 5mm, 

inner tube diameter D = 14mm, a length to inner diameter ratio LID= 20, a cold 

exit diameter d = 5mm, and four tangential nozzles. The dimension of this VT, Ll D 

= 20 and d/D~0.36, is based on the optimal geometry of VT from Ref.[33]. It 

should be noted here that the definition of the tube length, L, may somewhat differs 
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from researchers to researchers. All the parts of the VT used in this study are made 

of stainless steel. 

Figure 2.3 shows the tangential nozzle with cold exit pipe, which is used as a 

vortex generator. The cold exit pipe is located on the back side of the tangential 

nozzle with a length of 67mm. The cold gas flows through the cold exit pipe and 

exits the tube. As shown in this figure, the rectangular cross sectional area of the 

tangential nozzle is width 4mm X height 1.5mm X 4 nozzles = 24mm2
. 

Figure 2.4 shows the calculated operating time of a compressed gas, which is 

stored in 2m3 tank with pressure of lMPa and temperature of 300K as initial 

conditions. In this calculation, compressed air enters the VT at a regulated inlet 

pressure setting from 0.3 to 0.6 MPa. Note that in this calculation, the flow is 

assumed to be choked at the tangential nozzle (throat) during the operation, and the 

air in the tank is assumed to experience isentropic change of pressure and density. 

This figure shows the maximum operating time of the VT when fully stored air in 

the tank is consumed without supplying air to the tank from the compressor. The 

figure shows that the operating time varies from 13.3 to 3.5 minutes, depending on 

the regulated inlet pressure. In this research, however, the compressor is kept 

running while performing every experiments. 

Figure 2.5 shows the control valve, which is used to adjust the mass flow rate 

of hot and cold flow that are discharged from the hot exit and cold exit, 

respectively. 
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D ® 
0 

Fig. 2.1 Experimental setup for temperature and pressure measurement of VT ; 

CDMass Flow Meter, @Bourdan Tube Pressure Gauge, @Stagnation 

chamber, @ Temperature/humidity sensor, @ Valve, @ 

Temperature/humidity indicator, CVDigital manometer, @Vortex tube, 

®Total temperature probe, (@Temperature indicator, @Pitot pressure 

probe, @Stagnation chamber, @Positive pressure sensor, @Negative 

pressure sensor, ®AID converter, @)Personal computer. 
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Table 2.1 Specification of equipment and devices used in this experiment 

(I) Compressor 

(2) Air dryer 

(3) Pressure reducer 

( 4) Mass flow meter 

( 5) Digital manometer 

( 6) AID converter 

(7) Personal computer 

(8) Bread board 

Maker HITACHI 

Model code PBD-5.5HB6 

Power 5.5kW 

Max. pressure 1.37MPa 

Flow rate 550L/min 

Model code : HDF-25HXA 

Power : 250W 

Max. pressure : 1.3 7MPa 

Maker YAMATOSANGYOU Co. 

Modelcode YM-303 

Maker : SUNX 

Model code : FM-216-AR2 

Rated flow rate : I 000 L/min 

Serial No. 9408-005, 9406-007 

Analog voltage output : DC I -5 V 

Power source voltage : DC 12-24 V 

Rated pressure range : -0.09"'0.7 MPa 

Maximum usable pressure : 1.0 MPa 

Model number : 30-1 5MP-A 

Measurement range : 0...., 1.5MPa (abs.) 

Analog voltage output : DC 0"' 1.5V 

Power source voltage : AC 1 OOV + 10% 

Maker : SUN HAYATO Co. 

Sampling speed: 1kHz 

Channel number : 16 

Maker : mouse computer 

Model number : 0812LM-i442S3-PL22W 

OS : WindowsXP 

Maker : SUN HAYATO Co. 
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(9) Positive pressure sensor 

(1 0) Negative pressure sensor 

(11) Thermocouple 

(12) Temperature digital indicator 

Maker : Panasonic (SUNX) 

Model number: DPH-102-M5 (-R) 

Measurement range : 0 ,...., 1.0 MPa,gage 

Analog voltage output : DC 1 ,...,5y 

Power source voltage: DC 12,...,15V 

Maker Panasonic (SUNX) 

Model number: DPH-103-M5 (-R) 

Measurement range: 0,...., -101kPa,gage 

Analog voltage output : DC 1 ,...,5y 

Power source voltage: DC 12,...,15V 

Tvoe 1 

Maker 

Type 

Outer diameter 

Model number 

CHINO 

K 

1mm 

KT98B 7256F 

Measurement range : - 200,...,630°C 

Tvoe2 

Maker 

Type 

Outer diameter 

Model number 

YAMARI 

T 

0.5 mm 

355920 

Measurement range : -40,..., 125°C 

Tvoe3 

Maker 

Type 

Outer diameter 

Model number 

OKAZAKI 

K 

0.1mm 

GB69962 

Measurement range: -270,...,1372°C 

Maker CHINO 

Model number D1094X004 

Voltage resolution: 0.8J.LV ( -200'"'-'500°C) 
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Fig. 2.2 Dimension of vortex tube 

Fig. 2.3 Tangential nozzle with cold exit pipe 
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Fig. 2.4 Operating time at each inlet pressure 
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Fig. 2.5 Control valve 
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2.2 Total temperature probe and Pi tot pressure probe 

In this research, I am focusing on measuring total temperature and Pitot 

pressure of the cold flow. This is because energy separation in the VT is expected 

to occur mainly in a vortical flow in a vortex chamber. Therefore, the flow structure 

and temperature distribution in the cold flow, which is close to the vortex chamber, 

is expected to be closely related to that of the vortical flow in the vortex chamber. 

Accordingly, the flow stucture of the cold flow is expected to provide us with some 

insights about the ESM in the VT. In the literatures published in the past, the 

temperature measurements of the cold flow are conducted, but the obtained 

measurement data cannot be judged whether it is total temperature or static 

temperature. Regardless to say, the measurement of a static temperature is difficult. 

Additionally, the total temperature is much more important than the static 

temperature on the cold flow characteristic of VT, from the view point of thermal 

performance. 

In this research, therefore, the measurement of the total temperature of the 

cold flow is conducted. To measure a total temperature of a flow with a total 

temperature probe as accurate as possible, the flow velocity around the measuring 

point should be low enough. In this research, 3 total temperature probes, which are 

expected to be able to measure total temperature, are created. An experiment is 

conducted to measure the measurement error of the created total temperature 

probes and the details will be explained in detail in Chapter 3. 

A Pi tot pressure probe is also created to measure the Pi tot pressure of the cold 

flow. Figure 2.6 shows the dimension. This probe measures only stagnation 

pressure, not static pressure. It has inner/outer diameter of 0.13/0.31mm at the tip, 

respectively. The tip length is 25mm. 
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Fig. 2.6 Pitot pressure probe 
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2.3 Flow visualization technique 

In order to understand the flow pattern of the cold flow from the cold exit, 

flow direction along the center line was visualized. This is because a negative 

gauge pressure is measured at the cold exit, implying the possibility of a reversed 

flow, which will be explained later in Chapter 4. The flow visualizations are 

conducted to verify this possibility. 

In this study, two simple flow visualization techniques were created. The first 

technique uses an oil paint droplet, on a 0.75mm-diameter needle. The Figure 2.7 

shows the experimental setup for observation of reversed flow at cold exit using 

needle and oily paint. The needle, on which the oil paint droplet is put, is held by a 

XZ traverser, placed left side in the figure. The position of the needle is adjustable 

by the traverser. The oil paint droplet on the needle is positioned along the 

centerline of the cold flow. 

The close-up image of the needle and the cold exit is shown in Fig. 2.8. As 

shown in this figure, a small drop of oil paint is put on a needle which is then 

inserted into the cold flow along the centerline. The distance of the oil paint droplet 

center, from the cold exit, is fixed at x r...; 3mm. The movement of the oil paint 

represents the direction of the flow along the needle. 

Another visualization technique uses a 0. 70mm-diameter needle with 10 small 

holes which can exudate colored oil (exudation needle). Figure 2.9 schematically 

shows its layout. The exudation needle is inserted into the . cold flow along the 

centerline. Then the colored oil is supplied to the exudation needle from a syringe 

and the oil exudates from the small holes. The position of the exudation needle is 

controlled by a traverser, which is the same traverser as was seen in Fig. 2. 7. The 

flow direction of the colored oil on the exudation needle represents the flow 

direction of the cold flow. The movement of the colored oil, which exudate the 

needle, is recorded by a high-speed camera, which was supplied by NAC Image 

Technology. 

Figure 2.10 shows the dimension of the exudation needle. This needle has an 

outer diameter of0.7mm and 10 holes with 0.3mm diameter. The distance between 

each hole is 1 mm and the distance from the tip of the needle to the first hole is 

6mm. 
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Fig. 2. 7 Experimental setup for observation of reversed flow at cold exit using 

needle and oil paint droplet 

Fig. 2.8 Visualization setup for cold flow direction using needle and oil paint 

droplet 
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Fig. 2.9 Experimental setup for observation of reversed flow at cold exit using 

exudation needle 
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Fig. 2.10 Dimension of exudation needle (unit : mm) 
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3. Development of Total Temperature Probe 

In this chapter, the development of originally designed total temperature probe, 

to measure the vortical cold flow ofVT, and its development history is explained. 

3.1 Objective 

In this research, I am focusing on measuring total temperature and Pitot 

pressure of the cold flow. This is because energy separation in the VT is expected 

to occur mainly in a vortical flow in a vortex chamber. Therefore, the flow structure 

and temperature distribution in the cold flow, which is close to the vortex chamber, 

is expected to be closely related to that of the vortical flow in the vortex chamber. 

Therefore, the information of vortical cold flow from the cold exit is expected to 

provide insights about the ESM in the VT. In the literatures published in the past, 

the temperature measurement of the cold flow has been conducted, but the obtained 

measurement data cannot be clearly judged whether it is total temperature or static 

temperature. The measurement of a static temperature is difficult because insertion 

of a probe into a flow unacceptably changes the static temperature at the 

measurement point. On the other hand, a total temperature at cold/hot exits are 

much more important than a static temperature in order to evaluate the thermal 

performance of VT. Therefore, I focus on measuring the total temperature in this 

research. 

When measuring the total temperature of a flow, we need to remember the 

relation between static temperature and total temperature in a flow; 

(2.1) 

where T5 , Tt, y, and M is the static temperature, the total temperature, the specific 

heat ratio and the Mach number, respectively. From Eq.(2.1), it is clearly 

understood that static temperature decreases as the Mach number increases. In 

order to measure the total temperature as precisely as possible, the flow must be 

decelerated enough at the temperature measurement point of the probe. 

Figure 3.1 shows an example of conventional total temperature probe[34] used 

in a high-enthalpy flow. As can be seen in the figure, a thermocouple is inserted in 

a shield. There are vent holes to discharge the flow and introduce the fresh gas into 
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the probe. The flow inside the probe should be decelerated as much as possible, to 

sufficiently recover the kinetic energy of the gas flow as a dynamic temperature. It 

should be noted that the flow inside the tube must not be in a stagnation state, 

which will lower the measured temperature by thermocouple than actual total 

temperature of the gas because the tip of the thermocouple is expected to suffer 

from inner wall temperature of shield pipe by heat conduction in a hot flow. 

Therefore, the vent hole is supposed to be as small as possible to sufficiently 

decelerate the flow in the probe. Figure 3.2 shows the experimentally obtained 

relation between the vent hole to entrance area ratio and measured total 

temperature in Ref.[34]. From this figure, it is understood that the vent hole area 

should be less than 25% (114) of the entrance area of the probe. It should be noted 

that this total temperature probe can only be use if the direction of the flow is 

known. The flow discharged from the cold exit of the VT is a vortical flow. 

Therefore, a total temperature probe which can measure a total temperature in a 

vortical flow is needed. 

In this research, 3 types of total temperature probe are created. An evaluation 

experiment is conducted to determine the measurement error of the probes. A 

vortical flow is suitable to validate the probes, however, total temperature in a 

vortical flow is unknown, and therefore, it cannot be used for the evaluation test. 

Therefore, in this research, a subsonic flow discharged from a sonic nozzle in 

different angles is used. The details of the procedure and results will be explained 

in the next 2 sections. 
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Fig. 3.1 Example of conventional total-temperature probe used in a 

high-enthalpy flow[34] 
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Fig. 3.2 Variation of total temperature probe performance with vent to 

entrance area ratio[34] 
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3.2 Structure of probe and evaluation test 

In this research, 3 total-temperature probes are created. The first created total 

temperature probe is shown in Fig. 3.3. It is named as Type 1. The probe is made 

by inserting a K-type ¢1 thermocouple, into an acrylic pipe, which has inner/outer 

diameter of 1.2/5.0mm and length of 27.0mm. Approximately, 1mm of the tip of 

the thermocouple is protruding from the rod, to create a stagnation state when 

inserted in flow. According to research works conducted in the past, it is found that 

most researchers use a T-type thermocouple to measure the temperature of the cold 

flow. Therefore, a similar total temperature probe as the Type 1 using a T-type 

thermocouple, which is named Type 2, was created. 

Figure 3.4 shows the Type 2 probe. It is made by inserting a T-type ¢0.5 

thermocouple, into an acrylic pipe, which has inner/outer diameter of 0.6/3.0mm 

and length of 21.5mm. Approximately, 0.5mm of the tip of the thermocouple is 

protruding from the rod, to create a stagnation state when inserted in flow. Note 

that the diameter of the T-type thermocouple is ·smaller than the K -type 

thermocouple. This is because a smaller diameter probe is preferable considering 

the cold exit diameter of 5mm. 

After performing experiments with these two probes, it was found that the 

flow at the tip of the thermocouple is not decelerating enough to measure a total 

temperature, as will be explained later in this chapter. Therefore, a sponge is used 

to cover the tip of the Type 2, which is named as Type 3. Figure 3.5 shows the Type 

3 probe. It is expected that a sponge can be used to decelerate the flow around the 

tip of the thermocouple. The summary of the dimensions of the Type 1, 2, and 3 

probes are shown in Table 3 .1 

A vortical cold flow is discharged from the cold exit of VT. To measure a total 

temperature of the flow, it is important to place a temperature measurement probe 

along the vector direction of the flow. Or, the probe is required that the 

measurement value is not sensitive to the setting angle between the probe axis and 

flow direction (measurement angle). In this research, an evaluation experiment is 

conducted to determine the relation of measurement angle and measured 

temperature. In the evaluation experiment, a sonic nozzle with a ¢1 Omm exit 

diameter is used. The sonic nozzle is installed on a stagnation chamber. A 

compressed gas, which is stored in 2m3 tank with pressure of lMPa as initial 
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conditions, enters the stagnation chamber by way of pressure regulation valves. 

The inlet pressure in the stagnation chamber was varied from 0.12 ,..., 0.2MPa, 

which was measured with a digital manometer. The total temperature of the 

compressed gas was assumed to be atmospheric temperature during the experiment. 

The created probes were placed in the potential core of the jet flow, which was 

discharged from the sonic nozzle, along the centerline of the jet flow. The 

measurement angle of the probe was changed from 0 ,..., 90°. 

Figure 3.6 shows the measurement angle (}of the created total temperature 

probe. (} = 0° represents an angle when the total temperature probe is horizontal 

with the centerline of the sonic nozzle. (} = 90° represents an angle when the total 

temperature probe is perpendicular to the centerline of the sonic nozzle. The 

measurement results will be explained later in the next section. 
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Fig. 3.3 Type 1 total temperature probe without sponge (K-Type thermocouple) 
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Fig. 3.4 Type 2 total temperature probe without sponge (T-Type thermocouple) 
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Fig. 3.6 Angle of total temperature probe 
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Table 3.1 Dimensions of the created total temperature probes 

Probe Type 1 2 3 

Thermocouple K T T 

type 

Sheath diameter 1mm 0.5mm 0.5mm 

Sheath length 27mm 21.5mm 21.5mm 

Outer diameter of 
5mm 3mm 3mm 

acrylic pipe 

' Inner diameter of 
1.2mm 0.6mm 0.6mm 

acrylic pipe 

Sponge at the tip No No Yes 

Protrude length of 
1mm 0.5mm 0.5mm 

thermocouple 
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3.3 Results and discussion 

An evaluation experiment was performed to obtain the temperature 

measurement error of each created probes. In this experiment, the inlet pressure of 

the stagnation chamber was varied from 0.12 to 0.20MPa. The measurement angle 

of those probes, as shown in Fig. 3.6, was varied from 0° to 90°, where oo means 

the probe to be horizontal with the centerline of the sonic nozzle, and 90° means 

the probe to be perpendicular to the center line of the sonic nozzle. The total 

temperature of the gas inside the chamber, which is the inlet temperature, is 

assumed to be equal to atmospheric temperature, which is measured by a 

thermocouple. Atmospheric temperature was measured before and after the 

experiment. The averaged value of the measured temperature was used as the total 

temperature inside chamber. 

The results of temperature measurement of Type 1, 2 and 3 are shown in Fig. 

3.7 (a), (b), and (c), respectively. The vertical axis of those figures show the 

measured temperature divided with the inlet temperature, Te /Tin , and the 

horizontal axis shows the measurement angle of probe, 8. From these results, the 

largest measurement errors of Type 1, 2 and 3 are -1.3°C, -1.1 °C, and -0.7°C, 

respectively. From these figures, it is clear that the Type 3 probe, which has a 

sponge covering the tip of the thermocouple, has the smallest measurement error. 

The effect of the measurement angle of the thermocouple on the total temperature 

measurement is negligibly small for the Type 3 probe. Therefore, the Type 3 is 

chosen to measure the total temperature of cold flow. 
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3.4 Conclusions 

To measure the total temperature at the cold exit, 3 different probes were 

created. Those probes were named as Type 1, Type 2 and Type 3, respectively. 

Each of them was created by inserting a thermocouple into an acrylic tube with the 

tip of the tube is protruding from the rod. The tip of the Type 3 was covered with 

sponge to decelerate the flow at the tip of the thermocouple. An evaluation 

experiment was conducted in a subsonic air jet flow, whose stagnation temperature 

to be atmospheric temperature, from a converging nozzle to determine the 

relationship between the measurement angle and measured temperature. During the 

experiment, the measurement angle setting was varied from 0 ...- 90° to see whether 

the probe is usable in a vortical flow. 

It was found from the experimental results that, the largest measurement errors 

of Type 1, 2 and 3 are -1.3 oc, -1.1 oc, and -0. 7°C, respectively. From those 3 

probes, it is found that the Type 3 probe, which has a sponge at the tip of the 

thermocouple, has the smallest measurement error. The effect of the measurement 

angle on the measured total temperature is negligibly small. 
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4. Flow Measurement at Cold Exit 

In this chapter, the experimental results measured by the created total 

temperature probes and Pitot pressure probe at the cold exit is presented and 

discussed. In addition, a simple flow visualization method was used to observe the 

reversed flow at the cold exit, and the mixing temperature of cold and hot flows is 

measured to determine the cooling capacity and heat loss ofVT. 

4.1 Experimental procedure 

4.1.1 Cold fraction setting 

The performance of the VT can be controlled by adjusting the cold fraction, 

which is a ratio of cold flow mass flow rate to inlet mass flow rate. The cold 

fraction can be controlled by the control valve installed at the hot exit of the tube 

(see Fig. 2.2). By turning the control valve, the cross-sectional area of the hot exit 

is adjusted. So, when this cross-sectional area increases, the mass flow rate of the 

hot flow increases. Simultaneously, the mass flow rate of the cold flow decreases. It 

should be noted that even if the setting of the control valve is unchanged, the cold 

fraction is different depending on the setting of inlet pressure. In this subsection, 

how to adjust the control valve at arbitrary inlet pressure for 0.2-- 0.6MPa and cold 

fraction for 0.1 < 8 < 1.0 is explained. 

In this experiment, I measured two mass flow rate readings; inlet and hot flow. 

Since the inlet mass flow rate is equal to the total mass flow rate of cold and hot 

flows (min = rhcold + mhot)' the cold fraction can be calculated as below; 

E = mcold = l _ mhot 

min min 
(4.1) 

When measuring the cold fraction, the valve is turned anticlockwise to open 

the gap between the conical part of the control valve and inner tube. Then, the 

compressed gas is supplied into the VT at desired inlet pressure. Equation ( 4.1) is 

used to calculate the cold fraction from the measured mass flow rate. When the 

cold fraction is higher than the target value, the valve is turned anticlockwise again 

to enlarge the gap between the conical part of the control valve and inner tube. 

When the cold fraction is lower than the target value, the valve is turned clockwise. 

This procedure is repeated at every inlet pressure. 
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4.1.2 Pressure measurement 

The pressure at the cold exit was measured with a Pitot pressure probe. For 

pressure measurement, the Pitot pressure probe was inserted into the cold flow 

along the centerline of the cold exit, at a distance of 3mm (x = 3mm) from the exit, 

as shown in Fig. 4.1. The inlet pressure is varied from 0.2 to 0.6MPa. The cold 

fraction is varied from 0.1 to 1.0. 

4.1.3 Flow visualization 

In this experiment, two flow visualization techniques were created. The ftrst 

technique uses an oil paint droplet, on a 0.75mm-diameter needle. The oil paint 

droplet on the needle was positioned along the centerline of the cold flow at x = 

3mm, as shown in Fig. 4.2. The movement of the oil paint droplet represents the 

flow direction of the cold flow. 

Another flow visualization technique uses a 0. 70mm-diameter needle (SUS 

tube) with 10 small holes which can exudate colored oil (exudation needle). The 

exudation needle was inserted into the cold flow along the centerline and moved 

along x direction by a traverser, as shown in Fig. 4.3. Then, the colored oil was 

supplied to the exudation needle little by little and exuded from the small holes. 

The exudation needle was moved along the centerline to determine the length of 

reversed flow. The movement of the colored oil, which exudate the needle, was 

recorded by a high speed camera to observe the length of the reversed flow which 

occurs at the cold exit. In all the flow visualization experiments, the inlet pressure 

of the VT was set at 0.4MPa. The cold fraction was varied from 0.15 to 0.46. 

4.1.4 Temperature measurement 

The total temperature probe of Type 1, 2, and 3 were used to measure the total 

temperature difference of cold flow, l:!.Tt,cold at Pin = 0.4MPa. Cold fraction was 

varied from 0.1 to 0.9. The type 3 was used to measure the total temperature of the 

cold flow at cold exit. The type 3 probe was inserted into the cold flow along the 

centerline of the cold exit at x = 3mm, as shown in Fig. 4.4. The inlet pressure was 

varied from 0.2 to 0.6MPa. The cold fraction was varied from 0.1 to 1.0. 

To evaluate the performance of VT, mixing temperature of cold and hot flows 

were measured. Due to the existence of radial temperature distribution at cold exit, 

a mixing chamber is installed at the cold exit as shown in Fig. 4.5 to measure the 
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mixing temperature. As is indicated in this figure, an acrylic pipe, which was 

inserted into a PVC pipe, was attached to the cold exit through an adiabatic tube. It 

should be noted that the inner diameter of acrylic pipe is equal to the diameter of 

cold exit (de= 5mm). A copper mesh wire was installed at the exit end of the PVC 

pipe. This copper mesh was used to enhance mixing of the cold flow, which was 

discharged from the acrylic pipe. An evaluation experiment was conducted to 

assure that the cold flow is properly mixed, by measuring 10 different radial points 

at the end of the PVC pipe during the experiments. The result shows that negligible 

temperature distribution, less than 0.4°C, exists at the end of the PVC pipe. 

Another evaluation experiment was also conducted to determine the effect of 

the mesh on the cold flow by installing and uninstalling the mesh. If the mesh 

disturbs the cold flow, more flow will go to the hot exit. Therefore, the cold 

fraction was checked for the "mesh installed condition" and "without mesh 

condition" under the same setting of control valve. The result shows that the 

difference of the cold fraction when the mesh is installed was less than 4.2%. 

Therefore, the effect of the mesh on the flow condition is negligible. The mixing 

temperature of the hot flow was measured at the exit nozzle of a stagnation 

chamber located after the mass flow meter. The experimental conditions of inlet 

pressure and cold fraction are same as that for measuring center temperature at cold 

exit (pin = 0.2 ~ 06MPa, e = 0.1 ~ 0.9). 

From the measured mixing temperature of the cold and hot flows, the cooling 

capacity (refer to Eq.(l.7)) and non-dimensional heat loss from VT to ambient air 

derived from the total-enthalpy conservation equation are calculated. The 

non-dimensional heat loss from the VT can be calculated by the following 

equation; 

llqzoss = ellTt,cold (1-e)llTt,hot 

CpTatm Tatm Tatm 
(4.2) 

where ll.qz055 is the heat loss per unit mass of working gas, cp is the specific heat, 

Tatm is the ambient temperature of 300K, Tt,cold is the mixing temperature of 

cold flow, and Tt,hot is the mixing temperature of hot flow. Calculated result will 

be explained later in section 4.2.3. 
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Fig. 4.1 Setup ofPitot pressure probe 

Fig. 4.2 Visualization setup for cold flow direction using needle and oil paint 

droplet 
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Fig. 4.3 Set up of exudation needle in cold flow 

Fig. 4.4 Measurement point of Type 3 total temperature probe 
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Fig. 4.5 Schematic diagram of the experimental setup for measuring mixing 

temperature of cold flow 
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4.2 Results and discussion 

4.2.1 Pressure measurement 

In order to understand the flow pattern at the cold exit, Pitot pressure of cold 

flow was measured, by the probe, which was shown in Fig.4.1, at x = 3mm from 

the cold exit plane, along the centerline. Figure 4.6 shows a contour map of the 

measured Pitot pressure, divided by atmospheric pressure, Pi lpa, at x = 3mm. The 

horizontal axis of the figure shows the inlet pressure, Pin, and the vertical axis 

shows the cold fraction, e. It can be seen from this figure that at a specific inlet 

pressure, when the cold fraction decreases from unity, the non-dimensionalized 

Pi tot pressure inverts from Pi lpa > 1 to Pi lpa < 1. The existence of Pi lpa < 1 implies 

the possible occurrence of a reversed flow around the central part of the cold flow. 

This reversed flow will be discussed in the next section. 
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Fig. 4.6 Contour map of non-dimensionalized Pi tot pressure p/pa at x = 3mm 

from cold exit 
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4.2.2 Flow visualization 

Figure 4.7 (a) shows the flow visualization result at Pin= 0.2MPa, e = 0.84. 

The initial position of the oil droplet is also shown in the figure. It can be seen from 

the figure that the droplet moves in the downstream direction, showing the direct 

flow at x = 3mm along the centerline. Figure 4. 7 (b) shows the result at Pin = 

0.2MPa, e = 0.71. In this figure, it is seen that the droplet remains at initial position, 

x = 3 mm, indicating a stagnation point, which corresponds to the boundary point 

of direct/reversed flow. Figure 4.7 (c) shows the result at Pin= 0.2MPa, e = 0.33. It 

is obvious from the figure that the droplet moves upstream toward the cold exit, 

indicating the existence of a reversed flow at x = 3mm. From Fig. 4.7, it can then 

be understood that a reversed flow exists at the cold exit. 

Figure 4.8 (a), (b), and (c) show the flow visualization results at pin= 0.5MPa, 

and e = 0.58, 0.31, and 0.17, respectively. It can be seen from these figures that a 

direct flow occurs ate= 0.58, a reversed flow occurs ate= 0.17, and the droplet 

remains at initial position, x = 3mm, at e = 0.31, indicating a stagnation point, 

which corresponds to the boundary point of direct/reversed flow. Same 

visualization experiments were also performed at Pin = 0.3, 0.4, 0.6MPa, 

respectively, at cold exit. 

Figure 4.9 shows the contour map of the Pi tot pressure at x = 3mm along the 

centerline, non-dimensioned by atmospheric pressure, the similar figure to Fig. 4.6, 

with a thick boundary line of direct/reversed flows determined by the flow 

visualization results explained in Figs. 4.7 and 4.8. It should be noted from Fig. 4.9 

that, the reversed flow occurs when the Pitot pressure is lower than atmospheric 

pressure. In addition, it can also be observed from Fig. 4.9 that, at an arbitrary inlet 

pressure, when the cold fraction is decreased from 1.0, a direct flow inverts to a 

reversed flow at a specific value of the cold fraction. This inversion occurs at a 

smaller value cold fraction with a larger inlet pressure. The generation of the 

reversed flow at the cold exit of VT has recently been reported by Ameri et al.[35] 

and Dutta et al.[36] using a numerical simulation without any experimental 

validation. To the best of my knowledge, the experimental observation of a 

reversed flow at the cold exit of a counter-flow VT is for the first time discussed in 

this work [37]. 

Figure 4.10 (a), (b), (c), and (d) show the flow visualization results using 

exudation needle ate= 0.15, 0.24, 0.34, and 0.46, respectively, at Pin= 0.4MPa. 
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The cold exit, not shown in the picture, is located on the right side of the captured 

area. From these figures, the stagnation point of the cold flow along the centerline 

is observed at each cold fraction, E. The distance of the stagnation point from the 

cold exit, X8 , which represents the length of the reversed flow measured from the 

cold exit, is plotted in Fig. 4.11. The horizontal axis shows the distance of the 

stagnation point from the cold exit, Xs, and the vertical axis shows the cold fraction, 

E. From this figure, it is clearly understood that Xs increases when the cold fraction 

decreases. The increase in Xs implies the decrease in the pressure at the core of the 

vortex chamber when the cold fraction decreases. Therefore, decrease in the cold 

fraction is thought to lead decrease in the pressure at the core of the vortex 

chamber. 
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(a) E = 0.84 

(b) E = 0.71 

(c) E = 0.33 

Fig. 4.7 Visualization results at Pin= 0.2MPa 
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(a) E = 0.58 

(b) E = 0.31 

(c) E =0.17 

Fig. 4.8 Visualization results at Pin= 0.5MPa 
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Fig. 4.9 Direct/reversed flow boundary line on contour map of 
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x=20mm 

(a) E = 0.15 

(b) E = 0.24 

x= l6mm 

(c) E = 0.34 

(d) E = 0.46 

Fig. 4.10 Visualization results at Pin= 0.4MPa 
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4.2.3 Temperature measurement 

Figure 4.12 shows the results of the temperature measurement using the Type 

1, 2, and 3 at Pin = 0.4MPa, E = 0.1~0.9 , and x = 3mm along the centerline. The 

vertical axis shows the temperature differences between inlet and cold flow 

temperature, l!:.Tt,cold· The horizontal axis shows the cold fraction, E. From the 

figure, it is understood that the Type 3 measures the lowest temperature, which 

indicates its ability to measure the most accurate total temperature among the three 

probes. 

Figure 4.13 shows a contour map of l!:.T1,cold in the cold flow measured at x = 

3mm along the centerline. The thick curved line in the figure represents the 

boundary line of the direct/reversed flows, which is the same line as in Fig. 4.9. It 

can be seen from Fig. 4.13 that, at an arbitrary inlet pressure, l!:.Tt,cold is almost 

constant in the reversed flow area regardless of the cold fraction variation. On the 

other hand, in the direct flow area, l!:.Tt,cold increases at any arbitrary inlet pressure 

when the cold fraction is decreased from 1.0. In other words, the maximum 11T1,cold 

measured at x = 3mm along the centerline occurs around the boundary of 

direct/reversed flow or smaller E area in the figure at an arbitrary inlet pressure. 

From the pressure and temperature measurement results, it is clear that the 

occurrence of a reversed flow around the center of the cold exit is closely related to 

the amount of temperature decrease in the cold flow. This observation is supported 

by the mathematical model analysis of an unconfmed compressible vortex 

conducted by Katanoda and Mohd Hazwan[38], in which a static/total temperature, 

as well as a static pressure, at the center of a vortex flow is lower when a 

representative Mach number of the vortex increases, that is, the inlet pressure 

mcreases. 

The mixing temperature of cold flow for Pin = 0.2 ~ 06MPa, c = 0.1 ~ 0.9 are 

shown in Fig. 4.14. The horizontal axis ofthe figure shows the cold fraction, c, and 

the vertical axis shows the temperature difference of mixing cold flow, l!:.Tt,cold · It 

can be seen from this figure that l!:.Tt,cold increases as the cold fraction decreases. 

When the inlet pressure increases from 0.2MPa to 0.5MPa, l!:.Tt,cold increases at 

an arbitrary cold fraction. At Pin = 0.6MPa, l!:.Tt,cold is almost the same as that at 

Pin = 0.5MPa. 

The mixing temperature of hot flow at Pin = 0.2 ~ 06MPa, c = 0.1 ~ 0.9 are 

shown in Fig. 4.15. The horizontal axis of the figure shows the cold fraction, c, and 
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the vertical axis shows the temperature difference of mixing hot flow, 8Tt,hot· It 

can be seen from this figure that 8Tt,hot decreases as the cold fraction decreases. 

However, flTt,hot is less than 4K at pin= 0.2MPa. When pin is greater than or equal 

to 0.3MPa, 8Tt,hot increases as the inlet pressure increases at a cold fraction larger 

than 0.2. At a cold fraction smaller than 0.2, flTt,hot is around 5K at Pin = 0.2 '""' 

0.6MPa. From Figs. 4.14 and 4.15, it can be concluded that, to obtain a lower 

temperature of cold flow, the value of cold fraction should be smaller. To obtain a 

higher temperature of hot flow, the value of cold fraction should be larger. 

Figure 4.16 shows the cooling capacity of the VT. The horizontal axis ofthe 

figure shows the cold fraction, e, and the vertical axis shows the cooling capacity, 

Qc[WJ. From this figure, it can be understood that cooling capacity increases as the 

inlet pressure increases. At Pin= 0.3 "' 06MPa, when the cold fraction decreases 

from 1, the cooling capacity increases until it reaches a maximum value, then 

cooling capacity decreases to 0 ate= 0. Cooling capacity decreases at a small cold 

fraction due to the decrease in the mass flow rate of cold flow. The maximum value 

of cooling capacity in this research is obtained at Pin= 0.6MPa and e = 0.4. 

In order to see the heat balance of the VT, the contour map of non-dimensional 

heat loss of VT, flqz055 /cpTatm' is shown in Fig. 4.17. The horizontal axis of the 

figure shows the cold fraction, e, and the vertical axis shows the inlet pressure, Pin· 

This figure shows the existence of positive value of heat loss, which represents that 

heat is released from the VT to ambient air, and negative value of heat loss, which 

represents that heat is absorbed by the VT from ambient air. But, the heat loss is as 

small as within ±1.6% compared to the enthalpy of inlet air. Therefore, the VT used 

in this experiment is almost thermally insulated. 
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4.2.4 Expected flow pattern 

According to the literatures published in the past, some researchers performed 

experimental and numerical experiments to study the flow pattern inside of vortex 

tube [ 16-1 7]. Xue et al. [ 16] used a Cobra probe to measure the pressure inside a 

large VT with an inner diameter of 60 mm and a length 2000 mm. They proposed a 

flow pattern with a stagnation point exists inside of VT. According to their reports, 

a forced vortex formed near the inlet nozzle is transformed to a free vortex at the 

hot end side of the tube. The flow at the core of the tube is reversed to the cold exit 

before reaching the control valve and creates a stagnation point inside the tube. On 

the way moving to the cold exit, energy is transferred radially outwards from the 

core region. However, they didn't report the reversed flow at the cold exit which is 

supposed to occur. Behera et al.[17] numerically investigated the flow behavior and 

energy separation inside of VT. They report a different flow pattern in the VT from 

Xue et al.[16] with no stagnation point inside the tube. According to their reports, 

two layer of flow with different direction exist in the tube; a flow at the center of 

the tube moving from the control valve towards the cold exit of the tube, and 

another flow at the peripheral of the tube moving in a different direction which 

exits the tube from the hot exit. They also report that the energy separation occurs 

due to viscous shear in tangential direction. Just like Xue et a1.[16], they didn't 

report about the reversed flow at the cold exit, which is believed to be one of the 

important factors to clarify the ESM. 

Based on the experimental and analytical results obtained in this study and 

with aid of other works, expected flow patterns of the cold flow and in the vortex 

chamber are proposed in this subsection. Figure 4.18 shows the schematic flow 

pattern downstream of the cold exit pipe, based on the results of Figs. 4.9 and 4.12, 

when the cold fraction decreases at an arbitrary inlet pressure. At a larger cold 

fraction, Fig. 4.18(a), a shorter reversed flow region develops at the cold exit; the 

stagnation point of the reversed flow, Xs, is located at Xs < 3mm. At a medium cold 

fraction, Fig. 4.18(b ), the stagnation point moves downstream to around Xs = 3mm. 

At a smaller cold fraction, Fig. 4.18( c), the reversed flow region extends more 

downstream; Xs > 3mm. According to numerical investigation by Dutta et.al.[36], 

shown in Fig. 4.19, the upstream end of above mentioned reversed flow closes 

inside of the cold exit pipe to form a recirculation vortex at a smaller cold fraction. 

Therefore, this recirculation zone shown in Fig. 4.18 is also thought to form a 
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recirculation vortex inside of the cold exit pipe. It should be noted that in Ref.[36] 

the pressure boundary condition at cold exit is fixed at O.lMPa. From my 

measurement result, the Pitot pressure at the cold exit is lower than O.lMPa for a 

smaller cold fraction. Therefore, the reversed flow region inside of cold exit tube 

should become larger than the simulation result obtained in Ref.[36]. 

Figure 4.20 shows the expected flow pattern inside and outside of the cold exit 

pipe. The recirculation vortex in the cold exit pipe is expected to be longer as the 

cold fraction decreases at an arbitrary inlet pressure. On the other hand, according 

to Takahama et al.[39] and Ahlborn et al.[ 40], the absolute value of the axial 

velocity at the center and radius of the central part decreases when decreasing the 

cold fraction. Therefore, the fluid dynamic cross-sectional area in the cold exit pipe 

must be smaller for a smaller cold fraction. Here, a smaller fluid dynamic 

cross-sectional area in the cold exit pipe means a larger cross-sectional area of the 

recirculation vortex. This enlargement of the radius of the recirculation vortex 

results in the elongation of the recirculation vortex at a smaller cold fraction. 

From these results, the ESM ofVT can be concluded as is shown in Fig. 4.21, 

regarding the effects of cold fraction and inlet pressure. The effect of cold fraction 

on ESM at an arbitrary inlet pressure can be explained as follows. From the 

experimental results obtained in the present study, when the cold fraction decreases 

from unity, the length of reversed flow, Xs increases. The increase in Xs implies the 

decrease in the pressure at the core of the vortex chamber when the cold fraction 

decreases. From the analytical studies, which will be explained in Chapter 5, when 

the pressure inside of the vortex chamber decreases, the tangential velocity 

increases. Simultaneously, the representative Mach number of the vortex increases. 

As a result, the static/total temperatures at the core of vortex decrease, and the 

static/total temperature in the outer region of the vortex increase. 

Next, the effect of inlet pressure on the ESM at an arbitrary cold fraction can 

be explained as follows. When the inlet pressure increases, the tangential and Mach 

number increase, which results in a lower static/total temperatures at the core of 

vortex chamber and a higher static/total temperatures at the outer region of the 

vortex in the vortex chamber. 
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4.3 Conclusions 

An experimental study of the Ranque-Hilsch VT was conducted, in order to 

clarify the flow structure of the cold exit flow. The total temperature and Pitot 

pressure of a cold flow center were measured. In addition, a simple flow 

visualization method was used to observe the reversed flow at the cold exit, and the 

mixing temperature of cold and hot flows is measured to determine the cooling 

capacity and heat loss of VT. The results obtained in this study are summarized as 

follows; 

Structure of cold flow 

( 1) At a specific inlet pressure, when the cold fraction decreases from unity, the 

non-dimensionalized Pitot pressure inverts from Pi lpa > 1 to Pi lpa < 1. 

(2) The flow visualization results indicate that a reversed flow is generated in the 

central part of the cold exit. The axial length of the reversed flow, measured 

from the cold exit, increases with decreasing the cold fraction at an arbitrary 

inlet pressure. 

(3) A recirculation vortex is formed inside of the cold exit pipe. 

(4) The total temperature at the center of cold exit in the reversed flow is lower 

than that in the direct flow at the cold exit. 

(5) The mixing temperature of cold flow increases when the cold fraction decreases. 

On the other hand, the mixing temperature of hot flow decreases when the cold 

fraction decreases. 

(6) The maximum cooling capacity ofVT is obtained at Pin= 0.6MPa and e = 0.4. 

ESM of counter flow VT 

(7) When the cold fraction decreases from unity at an arbitrary inlet pressure, the 

pressure at the center of vortex chamber decreases since the axial length of 

reversed flow increases. A lower pressure in the vortex chamber means a lower 

static/total temperatures at the core of vortex chamber and a higher static/total 

temperatures at the outer region of the vortex in the vortex chamber. 

(8) When the inlet pressure increases at an arbitrary cold fraction, the tangential 

velocity increases, which results in a lower static/total temperatures at the core 

of the vortex chamber and a higher static/total temperatures at the outer region 

of the vortex in the vortex chamber. 
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5. Mathematical Model Analysis of Compressible Vortex Flow 

The driving force of energy separation in VT is a high-speed vortical flow 

caused in a vo~ex chamber. In this chapter, mathematical model of an unconfined 

isolated compressible vortex is introduced under the expectation that the ESM in an 

unconfmed vortex is almost the same as that in a confined vortex, which can be 

seen in the VT. The physical reason of ESM in an unconfined isolated compressible 

vortex will be provided in this chapter based on the mathematical model. 

5.1 Background 

The ESM in VT has been tried to explain by many researchers. Mack[ 41] 

solved radial momentum and energy conservation equations along with irrotational 

and rotational tangential velocity formulas for unconfined compressible laminar 

vortex. He shows that total temperature of the vortical flow decreases towards the 

vortex center if Prandtl number is larger than a specific value. Sibulkin[ 44] solves 

the unsteady momentum and energy equations for two-dimensional, axisymmetric 

flow of gas/liquid in a cylinder with finite radius for the purpose of clarifying the 

ESM in VT. He used finite difference method to solve the equations under the 

assumption of M (Mach number) << 1. Although he discusses transient energy 

transfer process in a confined two dimensional vortex for a set of specific initial 

conditions, his results does not explain the ESM in VT because his numerical 

solutions of physical properties, including temperature, become uniform in the 

entire flow field at a time of inifinity. Takahama and Soga[39] and Takahama[ 45] 

propose flow model by solving two-dimensional, axisymmetric conservation 

equations of mass, radial momentum and energy with empirical tangential velocity 

in the peripheral region of the vortex, under the assumption of constant density. 

Based on the model analysis and experiment, they explain the ESM in the 

counter-flow VT by turbulent mixing and heat transfer at the boundary of cold/hot 

flows; while flowing axial unit-length from hot- to cold-end, more heat is 

transferred from inner to outer gas compared to the amount of increase in kinetic 

energy of the ·inner flow, resulting in a lower temperature at the cold end and a 

higher temperature at the hot exit. However, the occurrence of heat transfer from 

colder core to hotter peripheral flow is impractical. Ahlborn, et al. [ 46] shows the 

upper limit of hotter gas temperature and lower limit of colder gas temperature of 
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counter-flow VT from his mathematical model. However, his model incorporates 

several empirical equations derived from his experimental data with relatively large 

statistical dispersion. Not only his model does not explain the physical reason of 

ESM but also validity and universality of his model are unclear. 

Amitani et al. [ 4 7] tries to clarify ESM by numerically solving axisymmetric 

Euler equations. However, they use impractical boundary conditions in order to 

mimic a vortical flow, making their numerical results unreliable. Recently, 

turbulent numerical simulations of counter-flow VT has been conducted by many 

researchers [17, 36, 48-49]. They propose based on the numerical results that the 

energy separation occurs due to the balance between viscous shear work and heat 

transfer along the boundary surface of cold and hot flow regions in the VT. 

However, the ESM in the vortex chamber is not well explained. 

Besides numerical simulation, mathematical modeling of compressible vortex 

is also evolving. Vatistas and Aboelkassem[ 42] proposes mathematical model of 

laminar unconfined compressible vortex which is intended to apply to the vortical 

flow in VT. But their model is applicable only for laminar flow although the flows 

in VT in most cases are expected to be turbulent. Badwal[43] extended their 

laminar model to turbulent vortex. Although the mathematical model of Refs.[42] 

and [ 43] are for an unconfined vortex, they employ only several acceptable 

assumptions, making the model reliable. In this research, mathematical model 

derived in Refs.[42] and [43] is called V AB model, which is used in the present 

analysis with improvement. 

It is well known that the thermal efficiency of the uni-flow tube is generally 

lower than that of the counter-flow tube [7]. It means that the counter-flow VT has 

additional ESM compared to uni-flow VT. Figure 5.1 shows complicated flow 

pattern proposed in Ref.[50]. Although the mathematical model of unconfined 

vortex, schematically shown in Fig. 5.2, is more directly applicable to an uni-flow 

VT, the author believes that its physics of ESM is also true for the vortical flow 

generated in a vortex chamber in a counter-flow VT. 
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Fig. 5.1 Flow pattern in a counter-flow VT proposed in Ref.[SO] 
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5.2 Review of V AB model 

5.2.1 Basic Equations 

The basic equations for compressible axisymmetric vortex are the equations of 

mass continuity, Navier-Stokes, and energy in cylindrical coordinate (r, (), z), and 

are written as; 

ap + 1 a(pV,.r) +.!. a(pV8 ) + a(p~) = 0 
at r or r ae az 

(5.1) 

DV,. _Vi = ..!_(o(J'r + (J'r _ (]'8 + orre + Brzr J 
Dt r p or r r roe 8z 

(5.2) 

DV8 + VrVe = ..!_(8(]'0 + orro + rre + r(j- + orzo J 
Dt r p roe or r r az (5.3) 

DVz = _!_( O'Z"rz + 'rz + Ot"Bz + O(J'z J 
Dt p or r roB oz 

(5.4) 

c DT _ _!_ Dp =~V2T + f/J 

P Dt p Dt p p 
(5.5) 

where, tis the time, pis the density, pis the pressure, Tis the temperature, (Vn V e, 

Vz) is the velocity of (r, (), z) components, Cp is the specific heat at constant pressure, 

k is the thermal conductivity, respectively. The normal stress a and tangential stress 

rare expressed as; 

2 8Vr 2 d" V ar =-p+ pa;-3p· zv 

( 
1 8Ve Vr) 2 a8 =-p+2p --+- --j.l·divV 
r 8() r 3 

2 8Vr 2 d" 
az =-p+ p oz -3j.l· zvV 

Tre =Tor= p{r~(VB )+.!. 8Vr} 
or r r 8() 

<zo ={~a;;+ a;:) 
'zr =p(a~ +a::) 
.P_=£_+V £..__+ Ve £_+V £_ 
Dt Bt r or r ae z oz 

2 o2 1 a 1 82 82 

v =-+--+--+-
8r2 r or r 8()2 8z2 

divV =.!_ o(rV,.) +..!_ 8V0 + 8Vz 
r or r ae az 

(5.6) 

(5.7) 

where, J.1 is the coefficient of viscosity. The function a> in Eq.(5.5) is an energy 
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dissipation function, and is written as; 

(5.8) 

When focusing on a steady and axisymmnetric vortical flow, above equations are 

simplified as; 

1 8(pVrr) + a{pvz) = O 
r ar az 

(5.1 ') 

(
V 8Vr +V 8Vr)- Vi =_!_(80'r + O'r _ 0'8 + 8rzr) 
rar zaz r par r r az 

(5.2') 

V 8 Ve + VrVe = _!_(8rre + 2 Tre + 8rze) 
rar r p 8r r az 

(5.3') 

DVz = _!_( arrz + 'rz + aO'z) 
Dt p ar r az 

(5.4') 

(5.6') 

n a a 
-=V-+V-
Dt r ar z az 

(5.7') 

divV =.!_ a(rvr) + avz 
r ar az 
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In the VAB model, following set ofvortical velocity component is assumed; 

(5.9) 

Vz(z,r)=z·h(r) (5.10) 

That is, the radial and tangential velocity components are assumed to be the 

function of r only and unchanged in the axial direction. The axial velocity 

component is a function of r and z, however, h is assumed to be a function of r 

only. 

Here, non-dimensionalized thermo-physical properties are introduced as; 

V'= Vr ' 
r Vee 

, r 
r =-, 

rc 

V '- Ve e--, 
Vee 

p'=_f!_, 
Poo 

V'=~ 
z Vee 

T' =.!_ 
Too 

(5.11) 

where, Vee is a tangential velocity of the Rankine vortex at r = r c· It is written as; 

V - roo 
6t-

2wc 
(5.12) 

where, roo is the vortex circulation. The subscript 00 shows physical properties 

distant from the vortex core in the radial direction. The velocity components in Eq. 

(5.9) and Eq. (5.10) are non-dimensionalized as; 

[ v; (r'), V0 (r'}, v; ( z', r')] (5.9') 

v; (z', r') = z'. h(r') (5.10') 

The order of magnitude of the non-dimensional properties in Eq. ( 5.11) are 

estimated as; 

v;- o , v0 - 1, v;- o (0 < 8<< 1) 

p' - 1 , p' - 1 , T' - 1 (5.13) 

r' -1, z' -1 
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By applying Eq. ( 5.11) to Eq. ( 5.1 '), we obtain 

1 a(p'v;r') + a(p'v;) 
0 

r' 8r 1 8z1 

Note that h' in Eq. (5.10') is a function of only r', and applying the order 

estimation, Eq. (5.13), to the above equation, we obtain 

1 d(p
1

V;r
1

) + 1h1 = 0 
I d I p r r 

(5.14) 

Here, p 1 is assumed to be a function of r ' only. 

Next, application ofEq. (5.11), as well as Eq. (5.13), to Eq. (5.2') yields, 

v:12 8 I 

pl_f)_=_E_ 
r1 8r1 

(5.15) 

When deriving the above equation, the Reynolds number Redefined by Eq. (5.16) 

is used. 

R PooVfJcrc 1 (5.16) 
e Jl 0 

Application ofEq. (5.11), as well as Eq. (5.13), to Eq. (5.3') and (5.4') yields, 

p'R v; d(V~r1) = !!._{_!_ d(V~r1)} 
e r 1 dr 1 dr1 r1 drl 

8p' 
-=0 
8z' 

(5.17) 

(5.18) 

Equation ( 5 .18) shows that pressure is independent of z ', and a function of r' only. 

Therefore, Eq. (5.15) is rewritten as, 

v.12 d I 

PI_{)_ = _!!!_ 
r1 dr 1 

(5.15') 

Since density is assumed to be a function of r' only, as mentioned before, and 

pressure is also a function of r' only, as indicated by Eq. ( 5 .18), temperature is also 

a function of r '. 

Finally, application ofEqs. (5.11) and (5.13) to Eq. (5.5') yields, 

p'~R,v::~· -~R,(r-t)M:Cv::: ~ :. ~A<~'}~(r-t)M!F' (5.19) 

where, 

M = VBc 
oc ~ -vrn.1 oo 

(5.20) 

F 1 = r 12 {!!._( v~ )}
2 

dr 1 r 1 
(5.21) 

71 



The equation of state of the ideal gas is, 

p=pRT 

Application ofEq. (5.11) to the above equation yields, 

or 

_!!_= piTI 
Poo 

In summary the non-dimensional equations to be solved are; 

1 d(p
1

V;r
1

) + 1h1 = 0 
I d I p r r 

v-,12 d I 
p~-e-=_}£_ 

r1 dr 1 

where, 

v; =Z
1h1 

(5.22) 

(5.23) 

(5.24) 

(5.24') 

(5.14) 

(5.15') 

(5.17) 

(5.11") 

The equations to be solved, Eqs. (5.14), (5.15' ) , (5.17), (5.19), (5.24) , 

include 6 unknowns. Therefore, one variable must be modeled in order close this 

system. Now, non-dimenzional velocity V/V fk is rewritten as 'V , and another 

non-dimenzional velocity V!Vemax (Vemax; maximum tangential velocity of vortex) 

is rewritten as VI . In the V AB model, the following tangential velocity distribution 

is provided based on the experimental results; 

where, 

,~ - Ve - rl( a Jm 
8 

- Vee - a + r14 

rrl- Ve - ~( a+l Jm 
Y 8 ----r --

Vemax a+r14 

a+l 
m=--

4 

(5.25) 

(5.25') 

(5.26) 

The factor a is determine to reproduce the actual tangential velocity of 

compressible vortex and is given as; 
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a= { 1.0 (laminar vortex) 

0.7 (turbulent vortex) 

(5.27) 

By setting V8 = V8 max at r 1 =1 in Eq. (5.25) for laminar flow, we obtain 

Vomax. ( a )m v;;:-= a+l 
(5.28) 

The above equation shows how much the maximum tangential velocity decelerates 

in VAB model, compared to that of the Rankine vortex at an arbitrary value of a. 

The variation of Vomax. I Vee for a = 0-1 is shown in Fig. 5.3. Vemax. I Vee is 0. 707 

at a = 1 (laminar vortex) and 0.686 at a= 0. 7 (turbulent vortex). 

Here we introduce two new variables as; 

(5.29) 

By applying above equations to Eq. (5.14), 

_!:._ d(U'rl) + H 1 = 0 [Conservation of mass] 
r1 dr 1 

(5.30) 

Radial momentum equation is reduced to; 

I V~2 
dp

1 

p-=-
r1 dr 1 

[Radial momentum equation] (5.15') 

Equation (5.17) can be expressed as follows using the first equation ofEq. (5.29); 

u~ d(V~r~) =!!.___{_!:._ d(V~r~)} [Tangential momentum equation] (5.31) 
r 1 dr' dr' r' dr' 

Substitution ofEq. (5.15') and (5.29) to Eq. (5.19) yields, 

_!:_!!__(r' dTI)- p U' d T' = -P ( -l)Mz (F' + u~v~z J 
'd' d' r d' r r Oe I r r r r r 

[Energy equation] (5.32) 

Equation of state, again, is, 

(5.24) 
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Fig. 5.2 Unconfined compressible vortex in cylindrical coordinate (r, (}, z) 
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Fig. 5.3 Decay of maximum tangential velocity against the value of a 
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5.2.2 Laminar Vortex Solutions 

For a laminar compressibl~ vortex, the parameter a in Eq. (5.25) is set at 1 so 

that the tangential velocity equation closely reproduce the experimental tangential 

velocity of laminar compressible vortex. That is, from Eq. (5.25) tangential 

velocity is expressed as; 

,rr _ r
1 

re-
~I+r14 

(5.33) 

The boundary conditions are; 

1) at r1 =0; 
dH 1(r 1

) dT 1(r 1
) 

'Vo(r')=O, U 1(r 1)=0, 0, --=0 
dr 1 dr' 

'Vor 1 = 1, T 1(r 1
) =I, p 1(r 1

) =I, yM;cP' = 1 
(5.34) 

2) at r 1 = oo; 

It should be noted that above boundary conditions, except 'Ver' = 1 , are also 

applicable to the turbulent vortex explained in the next section. 

Mathematical solutions of newly introduced variables, U 1 and H 1
, in Eq. 

(5.29) and T1 which satisfy Eqs. (5.30)-( 5.32) and Eq. (5.34) are obtained as; 

6 13 

U 1 = 1R V 1=--r­p e r l 14 +r 

Equation (5.37) is obtained under the condition of; 

p =3_ 
r 3 

(5.35) 

(5.36) 

(5.37) 

(5.38) 

Finally density equation is derived. Derivation ofEq. (5.24) by r' yields; 

dp' =-l-(dp
1 

Tl+ 1 dT') 
dr 1 yM;c dr 1 P dr 1 

By substituting Eq. (5.15') to Eq. (5.39); 

~1n(p'T')=yM2 'V/ 
dr 1 oc r 1T 1 

Integration of above equation about r1 
, from 0 tor' yields; 

' exp[rM!(J:'#,dr'-C )] 
p = Tl 
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The integration constant C in the above equation can be determined by the 

boundary condition of p' in Eq. (5.34) at r' -Hx) as; 

lim exp[rM;c(rr'_'V/ dr'-c]] 
r'-+co Jo r'T' 

lim p' = ------=--~---___.:..-=-
r'-+co lim T' 

[ ( 
r' ,~2 JJ lim exp r M ;c f ---!---; dr' - C 

r'-+co Jo r T 

r'-+co 

(5.42) 

Therefore 

C= fro 'V/ dr' 
Jo r'T' 

(5.43) 

By substituting Eq. (5.43) to Eq. (5.41), non-dimensionalized density equation can 

be obtained as; 

[ ( 

r' ,~2 00 ,~2 JJ exp yM2 f - 0-dr'- f - 0-dr' 
oc Joe r'T' Jo r'T' 

p'= T' (5.44) 

Non-dimensionalized static pressure can be calculated by Eq. (5.24) or (5.24') 

using Eqs. (5.37) and (5.44). The EMS in the laminar VAB model is discussed in 

Ref.[38]. 

5.2.3 Turbulent Vortex Solutions 

For a turbulent compressible vortex, the parameter a in Eq. (5.25) is set at 0.7 

in order to closely reproduce the experimental tangential velocity of turbulent 

compressible vortex. Three velocity components and pressure are 

non-dimensionalized using maximum tangential velocity Vemax, not Verne· 

V'=~, 
r Vemax 

V
, _ Ve 
e---

Vemax 
V'=~, 

z Vemax 

Because of the difference in the representative velocity, representative Mach 

number in turbulent vortex also differs from Eq. (5.20) as; 

M = Vemax 
omax ~ ....; r L\..Lco 

(5.20') 

Density and temperature are non-dimensionalized as was shown in Eq.( 5.11). The 

non-dimensional tangential velocity is provided by the following equation; 

VJ=r'(~)m 
a+r'4 

(5.25') 
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Tangential Mach number is calculated as; 

M -~- V(; M - V{; (-a-)m M 
8- ~yRT - .JT' omax- .JT' a+ l oc 

(5.45) 

Calculated V0 using Eq. (5.25') at a= 0.7, is shown in Fig. 5.4. As can be seen in 

the figure, V~ has a rounded peak at around r' = 1. Tangential Mach number is 

calculated by Eq. (5.45) and the results are shown in Fig. 5.5. The figure shows that 

the maximum Mach number exceeds 1.0 atMoc=1.5. 

Mathematical solution of U', defined in Eq. (5.29), obtained from the 

tangential momentum equation, Eq. (5.31), along with the tangential velocity Eq. 

(5.25) is 

where, 

U' = p'R V' = -( 4b1mr'
1 

+ 12amr'
3 J 

e r b r'8 + b r'4 + b b r'8 + b r'4 + b I 2 3 1 2 3 

b1 =-(2m -1) 

b2 = -2a ( m -1) 

~=a2 

(5.46) 

(5.47) 

Calculated v; is shown in Fig. 5.6 at Re = 104
. The figure shows that radial 

velocity of the vortex has negative value; the gas flows inward direction to its 

center line. 

Equation (5.30) can be solved using Eqs. (5.29), (5.30) and (5.46) as; 

H' = 16mr'
2 

{ ( ~- 3a )qr'
8 + 2q~r'4 + 3a~} 

(btr'8 +~r'4 +~ t (5.48) 

Axial velocity is obtained from Eqs. (5.11 ") and (5.48) as; 

, , H' z' 16mr'2 {(b2 -3a)qr'8+2qb.3r'
4

+3ab.3} 
V =Z -= (5.49) 

z 'R 'R 2 
P e P e (f1r'8 +b2r'4 +b.3) 

Calculated v; is shown in Fig. 5. 7 at z' = 1 andRe = 104
• The figure shows that v; 

has maximum value at around r'= 0.6 and that v; is slightly negative between 1.3 

< r' < 2.5. 

The energy equation, Eq. (5.32), can be transformed as; 
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where, 

dY' -PU'Y'=-P (r-I)M 2 (r'F'+U'V.' 2
) dr' r r omax B 

Y'=r' dT' 
dr' 

In order to integrate Eq. (5.50), 2 is introduced as; 

A= A.(r') = exp(-J:' P,.U\ir'J 

From Eqs. (5.51) and (5.52), we obtain 

~(Y'd;tJ=-PU'Y' 
A dr' r 

Then, Eq. (5 .50) can be transformed using above equation as; 

dY' +_!_(y'dA.)=-P ( -l)M2 (r'F'+U'V.'2) 
dr' A. dr' r Y omax 8 

(5.50) 

(5.51) 

(5.52) 

Above equation can be integrated using the boundary conditions about T' in Eq. 

(5.34) as; 

Y';t = -P,. (r -1 )M;max s:· ( 17'F' + U'V(/ )A-(17')d17' 

I rr'(TJ'F' + U'V(/ ).:t(TJ')dTJ' 
. dT = -P ( -l)Mz ..;;....:Jo'--'--------'---
.. dr' r r omax r'A-(r') 

Integration of above equation yields; 

T'--P ( -l)M2 f Jo P+C 
r'[ fqr(TJ'F' + U'V// )A.(TJ')dTJ'r 

- r Y omax Jo q'A_(q') ~ I 
(5.53) 

The integration constant can be determined using boundary condition of T' ~ 1 as 

r'~oo; 

1=-P ( -l)M2 f Jo dP+C 
ao[ r~'(TJ'F' + U'V(/ ).:t(TJ')dTJ') 

r Y omaxj 0 q'A,(~') ~ I 

. - - 2 co{s:·(1]'F'+U'V//).:t(77')d77'L I 

.. C) -P,.(r I)Momaxfo .;':A.(q') f.; +1 (5.54) 

By substituting Eq. (5.54) to Eq. (5.53), 
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T' = l + .P. -l M 2 [ oo{s:· ( r7'F' +U'VJ
2

)A(1]')d77' l,l , _ r'{s:· ( 77'F' +U'Vi)A(17')d77' t1 ·] 

'(r ) ·- J. f-<(4') ( J. 4'-<(f) f4 

(5.55) 

where, 

J(r')- r Jo drg' r'l ff(11'F' +U'V;/)A-(17')d17') 

Jo rg'A.(r;') 

_ r'{ f ( 17'F' + U'V(/ )A-(17') d ,t, , 
-I. I. f-'(f) 11 ff' (5.56) 

The expression of J, Eq. (5.52), is simplified by substituting Eq. (5.46) to Eq. 

(5.52) as; 

= exp ( 11 ) exp (I 2 ) (5.57) 

where, 

(5.58) 

3amP,. 

r' r'3 , (2qr'4 +~ -)bi -4q~ J~bi-4~b3 
12 = 12amPy dr =In Io ~r'8 +h,r'

4 
+b, zqr•• +h, +~hi -4~1>, 

By substituting Eq. (5.58) to Eq. (5.57), 
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1 

( qr's + b2r'4 + b3 )2b, 

(
2qr'4 +b2 -~b~ -4qb3 J2~Jhi-4~bl 
2qr'4 +b2 +~b~ -4q~ 

(5.59) 

Calculated T' by Eq. (5.55) is shown in Fig. 5.8 at Re = 104
• In this calculation, 

J(100) is approximated to be J(oo). Figure 5.8 shows that T >Too for r' > 1.7, 

and T <Too for r' < 1. 7. In addition to that, the larger Moe is, the greater the 

maximum T' is and the smaller the minimum T' is. 

After obtaining gas temperature by Eq. (5.55), gas density can be calculated 

by Eq. (5.44), which is independent of the value of a and is also applicable to the 

turbulent vortex. 

[ ( 

r' V:'2 00 V,'2 )] exp yM2 r 0 dr' r 0 dr' 
1 

o max J 0 -;;y:r - J 0 -;;y:r 
p = T' (5.44') 

Non-dimensionalized static pressure can be calculated by Eq. (5.24) or (5.24') 

using Eqs. (5.55) and (5.44'). Calculated static pressure distributions are shown in 

Fig. 5.9 at Re = 104
. This figure shows that the larger the Mach number Moe is, the 

smaller the non-dimensionalized pressure is, at an arbitrary radial position. 

Non-dimensionalized total temperature distributions are calculated by Eq. 

(5.60) at Re = 104 under the approximation of Mr = Mz = 0, and the results are 

shown in Fig. 5.10. 

1Q =To ~r:::-(1+ y-1 M~)T' 
Too T Too 2 

(5.60) 

Figure 5.10 shows that To >Too for r' > 0.58, and To <Too for r' < 0.58. In addition 

to that, the larger Moe is, the greater the maximum T0 is and the smaller the 

minimum T0 is. The maximum T0 for each Moe is reached at r' = 1.4 and is 

greater than that of T' . On the other hand, the minimum T0 for each Moe is the 

same as that of T' . This is because static temperature equals total temperature at r' 

= 0. The calculated results in Fig. 5.10 well describe the temperature separation 

behavior of VT, although the V AB model is for an unconfined vortex. The 

thermo-fluid mechanism of having maximum and minimum total temperature in 

Fig. 5.10 will be examined in detail in Sec. 5.3. 
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5.2.4 Problems ofVAB model 

The VAB model of turbulent flow case is described in Ref.[43]. In the research 

work, Pr = 0. 7 is used as Prandtl number of air. However, turbulent Prandtl number 

P rt is not taken into account. It means that only heat conduction occurs as heat 

transfer in the model, although the flow is assumed to be turbulent. Therefore, P r is 

replaced by Pr + Prr in this study. Prr is experimentally known to be around 0.5 in a 

free jet or central part of a pipe flow, and around 1.0 close to solid wall [51]. In 

addition, Ref.[43] does not clearly describe how the ESM in a compressible vortex 

is explained using the V AB model. Therefore, evaluation equation of total 

temperature variation of fluid element is derived in the next section. 

5.3 Thermo-fluid physics in turbulent compressible vortex 

5.3 .1 Evaluation equation of total temperature variation along stream line 

In this subsection, evaluation equation to investigate the total temperature 

separation in a compressible vortex is derived. The conservation equation of total 

energy per unit mass is written in Cartesian coordinate as; 

De +!}_(_!_vz) = 'tw + Q 
Dt Dt 2 i=l I p 

(5.61) 

where, e is the internal energy per unit mass. Kinetic energy per unit mass is 

written as; 

W1 in Eq. (5.61) is work done by pressure gradient on the fluid element; 

(5.62) 

W2 in Eq. ( 5. 61) is compression work done by the surrounding gas on the fluid 

element; 

W2 =-~( :>: +:) =-; divV (5.63) 

As can be understood from Eq. (5.63), Wz is zero if the flow is incompressible. W3 

in Eq. (5.61) is work done by viscous force (fx, fx, fx) on the fluid element; 

(5.64) 

W4 in Eq. (5.61) is heat generated per unit time in the fluid element due to viscous 
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dissipation; 

i/J 
W4=­

p 
(5.65) 

where, i/J is the energy dissipation function. Q in Eq. (5.61) is heat transferred 

from the surrounding gas to the fluid element per unit time. When this is caused by 

heat conduction., Q is written as follows for the constant thermal conductivity; 

Navier-Stokes equations in Cartesian coordinate is written as; 

DV 1 -
-=--gradp+ f 
Dt p 

Inner product of V and above equation yields; 

- DV 1 - - -V·-=--V· gradp+V·f 
Dt p 

n (v 2 J 1 _ _ _ 
-- =--V· gradp+V·f 
Dt 2 p 

Subtraction ofEq. (5.68) from Eq. (5.61) yields, 

De Q 
-=1¥; +W4 +-
Dt p 

= _.E_divV + </J + Q 
p p p 

The mass conservation equation can be written as; 

l.. Dp +divV = 0 
p Dt 

The first term in the right hand side ofEq. (5.69) can be reduced to; 

p . - pDp D (1) 
p div V =- p2 Dt = p Dt p 

Substitution ofEq. (5.71) in Eq. (5.69) leads to; 

De+ p!}_(_!_) = (/J + Q 
Dt Dt p p p 

From the definition of specific enthalpy; 

h=e+p 
p 
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Differentiation of above equation leads to; 

De D ( 1 ) Dh 1 Dp 
Dt + Pfit p = Dt - p Dt 

Substitution ofEq. (5.74) in Eq.( 5.72) leads to; 

Dh _ _!_ Dp = f/J + Q 
Dt p Dt p p 

(5.74) 

(5.75) 

Therefore, assuming specific heat at constant pressure is constant, above equation 

is written as; 

DT 1 Dp f/J Q 
c -=--+-+­

p Dt p Dt p p 

c DT =(-~)+ f/J + Q 
• • P Dt p p 

where, W1 is expressed as follows in cylindrical coordinate; 

- 1 1 ( ap ap ap) 1 dp W.=-V·-gradp=-- V-+V0 -+V- =--V-
1 p p r ar 8() z az p r dr 

(5.76) 

(5.77) 

This equation explains that static temperature variation is determined by the 

balance between work done by pressure gradient on the fluid element, heat 

dissipation per unit mass l/J I p and transferred heat per unit mass Q/ p. 

Addition ofEq. (5.76) to Eq. (5.68) leads to; 

D ( jl2J f/J Q - c T+- =W3+-+-
Dt P 2 p p 

(5.78) 

Therefore, above equation is written as; 

DT0 f/J Q 
c --=WJ+-+-

p Dt p p 
(5.79) 

where, first term on the right hand side of above equation are expressed as follows 

in cylindrical coordinate; 

W3 = V ·f = frVr + feVe + fzVz (5.80) 

(5.81) 

(5.82) 
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(5.83) 

In VAB model, !Vrl <<!Vel and IVzl <<!Vel are assumed. Therefore Eq. (5.80) is 

simplified as; 

(5.84) 

Second and third terms on the right hand side of Eq. (5.78) in cylindrical 

coordinate are; 

(/J =J.l{r~(VnJ}
2 

p p ar r 
(5.85) 

Q =!._(82 
T +..!_ 8TJ (5.86) 

p p ar2 r ar 

Equation (5.78) clearly shows that total temperature along the flow varies by the 

balance between viscous shear work per unit mass W3, heat dissipation per unit 

mass f./J I p and transferred heat per unit mass Q/ p. 

Equations (5.76)-(5.78), (5.84)-(5.86) are non-dimensionalized as same as 

turbulent vortex, that is, 

v~-~ 
r- ' V I_ Ve e---, 

Vemax 

I r 
r =-, 

rc 

I z 
z=-

rc 

Vemax 

P
I _ _p_ 
- ' 

Poo 

v~=~ 
z Vemax 

Tl _I_ 
-Too' 

T.l =To 
o T 

00 

(5.87) 

The non-dimensional form of Eqs. (5.76), (5.79) and terms included in these 

equation are written as follows using Eq. (5.87); 

DT
1 

= (r-l)M;max (-Jfi~+ (/) 1 

+ Q
1J 

Dt1 Re p 1 p 1 

fVi Jfil = __ ----!.,.._3_ 

J1 Vemax ---=-----

Re VI dpl 
p 1 r dr 1 
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parenthesis of the RHS ofEq.( 5.94) is negative in the region and its absolute value 

is greater than the second term. It can be clearly seen in Fig. 5 .12, regardless the 

value of Pr1, that for r' > 1.4 f/J' I p' (> 0) is greater than summation of W3 and 

Q' I p', leading the RHS of Eq. (5.89) to be positive in the range of r' > 1.4. It 

means that a hotter gas in the peripheral region of the viscous compressible vortex 

is mainly generated by heat caused by viscous dissipation. On the other hand, in the 

range of r' < 1.4 the absolute value of W3 is greater than summation of w' I p' 

and Q' I p', leading the RHS ofEq. (5.89) to be negative in the range ofr' < 1.4. It 

means that a colder gas in the vortex center is mainly generated by W3 ; viscous 

shear work done on the surface of the fluid element. Since W3 is negative, the 

viscous shear work is done by the fluid element to the surrounding gas. Although 

the present analysis is conducted for unconfmed vortex, the above mentioned result, 

the ESM is mainly caused by viscous shear work in the vortex core, is supported by 

numerous experimental, theoretical and numerical works [17, 36, 48-49, 52-55]. 

Non-dimensionalized total temperature at r' = 0 can be obtained from Eq. 

(5.55) as; 

T0(0) = T'(O) = 1 +( P,. + Prt )(r -l)M~maxJ( oo) (5.95) 

Above equation shows that the static/total temperature at r' = 0 depends on Pr, Pr1, y, 

Momax (or Moe) and J( oo). From Eq. (5.56), J( oo) is expressed as; 

J(oo)- r r~ 8 d I q' oo{ · (r/F' + U'V.'
2 

)2(17') ~ 
- Jo Jo q'A(q') 17 (5.56') 

We can see that J( oo) is a function of Pr and Prt· Calculated J( oo) is sho.wn in 

Fig. 5.13 as a function of Prt at Pr= 0.7, along with { P,. + P,.1 )J( oo). In the figure, r' 

= 100 is regarded to be r' = oo. It can be seen in Fig. 5.13 that the value of 

(P,. + Prt )J( oo) is almost constant at around -0.29 in the range of 0.2 < Prt < 1.0. 

Therefore, Eq. (5.95) can be simplified as; 

T~(O) = T'(O) ~ 1-0.29(y-l)M;max (5.96) 

Above equation clearly shows that the total temperature at the core of the vortex is 

smaller for a larger rand a larger Momax (or Moe), and roughly independent of Pr 

andPrt. 
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5.4 Conclusions 

Mathematical model of an unconfined compressible vortex, VAB model, was 

examined in detail, expecting that the essential ESM of unconfined vortex is almost 

the same as the confined vortex; uni-flow/counter-flow VT. Total temperature 

distribution along the flow of the VAB model was especially investigated using 

total energy conservation equation as an evaluation equation, in order clarify the 

ESM in the compressible vortex. Main conclusions obtained by the present analysis 

are described as follows; 

1) A hotter gas in the peripheral region of the vortex is mainly generated by heat 

generated by viscous dissipation. 

2) A colder gas in the vortex center is mainly generated by W3 ; viscous shear work 

done on the surface of the fluid element to the surrounding gas. Since W3 is 

negative, the viscous shear work is done by the fluid element to the surrounding 

gas. On the other hand, viscous dissipation and heat transfer towards the inner 

core have effects to raise the total temperature of the core region to some extent. 

3) Total temperature in the core is smaller for a larger yand a larger Momax (or Moe), 

and roughly independent of the summation of Pr and Prt· 
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6. Conclusions 

As explained in Chapter 1, the objective of this study is to clarify the energy 

separation mechanism (ESM) of VT. For the purpose of this objective, the 

experimental and analytical studies were carried out. 

In order to clarify the flow structure of the cold exit flow, the total temperature 

and Pitot pressure of a cold flow center were measured. In addition, two simple 

flow visualization techniques were used to observe the flow at the cold exit, and the 

mixing temperature of cold and hot flows were measured to clarify the 

performance of VT used in this research. Main conclusions obtained in the present 

research are summarized as follows. 

6.1 Total temperature probe 

To measure the total temperature at the cold exit, 3 different probes were 

created. Those probes were named as Type 1, 2, and 3, respectively, and created by 

inserting a thermocouple into an acrylic tube with the tip of the tube protruding 

from the rod. The tip of the Type 3 is covered with sponge to decelerate the flow at 

the tip of the thermocouple. An evaluation experiment was conducted in a subsonic 

air jet flow from a converging nozzle to determine the relationship between the 

measurement angle and measured temperature. The results are summarized as 

follows; 

1) The Type 3 total temperature probe has the smallest measurement error; the 

largest measurement errors of Type 1, 2, and 3 are -1.3°C, -1.1 oc, and -0.7°C, 

respectively. 

2) The effect of the measurement angle on the measured total temperature is 

negligibly small for Type 3. 

3) Type 3 is chosen to measure the total temperature of cold and hot flows due to 

its smallest measurement error, and the ability to decelerate the flow at the tip 

of the thermocouple. 

6.2 Pressure measurement 

A pressure measurement using a Pi tot pressure probe was conducted along the 

centerline at 3mm (x = 3mm) downstream of the cold exit. The inlet pressure Pin 
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was varied from 0.2 to 0.6 MPa. The cold fraction ewas varied from 0.1 to 1.0. The 

results are summarized as follows; 

1) At an arbitrary inlet pressure, the Pi tot pressure decreases from positive gauge 

value to negative gauge value when the cold fraction decreases. 

2) The existence of a negative gauge pressure implies the possible occurrence of a 

flow reversal around the center of the cold flow. 

6.3 Flow visualization 

Two flow visualization techniques were created. The first technique uses an 

oil paint droplet, on a 0.75mm-diameter needle. The oil paint droplet on the needle 

was positioned along the centerline of the cold flow at x = 3mm from the cold exit. 

Another flow visualization technique uses a 0. 70mm-diameter needle (SUS tube) 

with 10 small holes which can exudate colored oil (exudation needle). The 

exudation needle was inserted into the cold flow along the centerline and traversed 

along x direction. The results are summarized as follows; 

1) The oil paint droplet moves downstream, upstream, or remains at one place, 

depending on the cold fraction. 

2) The movement of the oil droplet in the downstream direction represents a 

direct flow. The movement of the oil droplet in the downstream direction 

represents a reversed flow. The static oil paint droplet indicates a stagnation 

point, which corresponds to the boundary point of direct/reversed flow. 

3) At an arbitrary inlet pressure and x = 3mm, a direct flow inverts to a reversed 

flow at a specific value of the cold fraction when the cold fraction is decreased 

from 1.0. 

4) The inversion of the cold flow direction at center line occurs at a smaller value 

of cold fraction and at a larger inlet pressure. It should be noted that, the 

reversed flow occurs when the Pitot pressure at x = 3mm is lower than 

atmospheric pressure. 

5) The axial length of the reversed flow measured from the cold exit, x5 , 

increases as the cold fraction decreases. 

6.4 Temperature measurement 

A temperature measurement using the Type 3 probe was conducted along the 
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centerline at x = 3mm downstream from the cold exit. In addition, the mixing 

temperature of cold and hot flows were measured to clarify the performance of VT. 

The inlet pressure was varied from 0.2 to 0.6 MPa. The cold fraction was varied 

from 0.1 to 1.0. The results are summarized as follows; 

1) At an arbitrary inlet pressure, the temperature differences between inlet 

temperature and cold flow temperature at the center of cold exit, flTt,cold is 

almost constant at x = 3mm when the reversed flow occurs regardless of the 

value of the cold fraction. 

2) On the other hand, when the direct flow occurs in the cold flow, flTt,cold 

increases as the cold fraction decreases from 1.0 at an arbitrary inlet pressure. 

In other words, when flTt,cold is plotted on a contour map with inlet pressure 

as horizontal axis and cold fraction as vertical axis, the maximum temperature 

differences measured at x = 3mm along the center line occurs around the 

boundary of direct/reversed flow or smaller cold fraction area under the 

boundary line at an arbitrary inlet pressure. 

3) The mixing temperature of cold flow, flTt,cozd, increases as the cold fraction 

decreases. The mixing temperature of hot flow, I!!Tt,hot' decreases as the cold 

fraction decreases. 

4) The maximum cooling capacity ofVT is obtained at Pin= 0.6MPa and 8 = 0.4. 

5) The non-dimensional heat loss of VT is smaller than ± 1.6%, which is 

relatively small and negligible. 

6.5 Mathematical model analysis of compressible vortex flow 

A mathematical model analysis of an unconfmed turbulent compressible 

vol'tex flows, VAB model, ·was examined in detail. Total temperature distribution 

along the flow obtained by the VAB model was investigated using total energy 

conservation equation as an evaluation equation, in order clarify the ESM in the 

turbulent compressible vortex. The results are summarized as follows; 

1) The total temperature along the stream line varies depending on the balance 

between viscous shear work, viscous dissipation and heat transfer. 

2) A hotter gas in the peripheral region of the vortex is mainly generated by heat 

caused by viscous dissipation. 

3) A colder gas in the vortex center is mainly generated by viscous shear work 
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done on the surface of the fluid element to the surrounding gas. Since viscous 

shear work is negative, the viscous work is done by the fluid element to the 

surrounding gas. Viscous dissipation and heat transfer towards the inner core 

have effects to. raise the total temperature of the core region to some extent. 

4) The total temperature in the core is smaller for a larger specific heat ratio gas 

and at a larger representative Mach number of the vortex. In addition, the total 

temperature in the core roughly independent of the summation of laminar 

Prandtl number and turbulent Prandtl number. 

6.6 Expected flow pattern and ESM 

From the results of experiment and mathematical model analysis conducted in 

the present research, in addition to the numerical results of Ref.[36], the expected 

flow pattern and EMS of counter flow VT are summarized as follows; 

1) A recirculation vortex is formed inside of the cold exit pipe. 

2) The axial length of the recirculating vortex increases when the cold fraction 

decreases at an arbitrary inlet pressure. 

3) When the cold fraction decreases from unity at an arbitrary inlet pressure, the 

pressure at the center of vortex chamber decreases since the axial length of 

reversed flow increases. A lower pressure in the vortex chamber means a lower 

static/total temperatures at the core of vortex chamber and a higher static/total 

temperatures at the outer region of the vortex in the vortex chamber. 

4) When the inlet pressure increases at an arbitrary cold fraction, the tangential 

velocity increases, which results in a lower static/total temperatures at the core 

of the vortex chamber and a higher static/total temperatures at the outer region 

of the vortex in the vortex chamber. 
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