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Abstract: In order to study and analyze flow resistance characteristics in a 3 × 3 rod bundle channel, a natural 

circulation loop was set up and a series of experiments were conducted. For single-phase flow, the flow regime 

is divided and the transition Reynolds number is considered as 800. The flow transition is recognized by the 

slope change of friction factor curve since the flow transition in the rod bundle channel is not as obvious as that 

in round pipe. There is a slight change at Reynolds number 800 for the grid spacer local resistance coefficient. 

For two-phase flow resistance, the boiling flow phases are identified to obtain stable two-phase flow. The ONB 

during the experiment is determined by the wall temperature drop. The variation of pressure drop components, 

including the gravity pressure drop, the frictional pressure drop and the acceleration pressure drop, is given. For 

high mass quality conditions, the mass flow rate is observed declining with the increasing heat flux when the 

frictional pressure drop grows fast. Based on the Chisholm correlation, a new correlation is fitted by 

experimental results. The comparison against experimental results shows the new correlation can well predict 

the two-phase frictional pressure drops under given flow conditions. 
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1 Introduction1 

Rod bundle channels are widely used in pressurized 

water reactors. Flow characteristics in rod bundle 

channels are significant to reactor operation safety 

and reliability. Because of the complex geometric 

structure, flow characteristics in rod bundle channels 

show differences compared with regular channels 

such as round pipes and rectangular channels. 

Although many researchers investigated the flow 

characteristics, such as the flow transition, the void 

fraction and the pressure drops in rod bundle 

channels, the results of natural circulation flow 

characteristics are scarce in the public literature. 

Therefore, it is valuable to do research on the flow 

resistance in a rod bundle channel under natural 

circulation conditions. 

 

Much effort has been paid on the flow resistance in 

rod bundle channel in past decades. It is hard to 

obtain the theoretical solution of the friction factor 

owing to the complex channel structure. Rehme [1-2] 

gave the calculation method for different subchannels 

and proposed geometrical factors in allusion to 

                                                        
Received date: August 22, 2018 

(Revised date: September 12, 2018) 

different rod bundle structures, thus obtaining the 

friction factor calculation method of the whole 

channel. It was also pointed out that the turbulent 

friction factor can be predicted provided with the 

laminar value. Cheng & Todreas [3] did research on 

the frictional resistance for different flow regime and 

took the geometric structure, like the ratio of rod 

pitch and rod outer diameter Pi/D, as important 

factors that influence the frictional resistance. The 

friction factor calculation method was put forward for 

the rod bundle in triangle and square array. Moreover, 

the flow regime was divided and the transition 

Reynolds number was given. Yan [4] conducted 

experiments on the flow resistance in a 3 × 3 rod 

bundle channel under static and rolling motion 

condition and concluded that the cycle-average 

friction factor is nearly the same as the stable results. 

Marek [5] performed an investigation with helium in 

rod bundle channels respectively containing 9 and 16 

smooth tubes in square arrays. The correlations for 

friction factors were considered to be determined by 

Pi/D, where Pi/D < 2.0. For heated conditions, the 

friction factor results were different from those in 

adiabatic conditions unless modified by the wall 

temperature and the bulk temperature. Lee [6] 

theoretically analyzed the fluid stress near the wall 
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and developed a computational model to predict the 

friction factors for bare rod bundles with low Pi/D 

values. Eifler & Nijsing [7] experimentally 

investigated the Reynolds number and the rod pitch 

effect in a hexagonal rod bundle channel. They 

proposed uniform geometrical friction factors for 

different Reynolds numbers and rod pitches with 

surface roughness effect covered. 

 

In terms of two-phase flow resistance characteristics, 

no uniform method for the two-phase pressure drop 

calculation has been obtained yet. Lockhart and 

Martinelli [8] proposed the separated flow model and 

calculated correlations for two-phase flow resistance. 

Chisholm [9] concluded the two-phase multiplier as a 

functional relation to the Martinelli parameter X. 

Scholars revised the C value in the Chisholm 

correlation based on experimental data for various 

channels. Mishima [10] conducted air-water two-phase 

flow experiments in small tubes and revised the C 

value as a function of the tube diameter. Sun [11] 

collected a mass of data for the two-phase flow 

resistance in mini-channels, proposing a new 

formation of the Chisholm correlation. They found 

the C value closely related to the ratio of liquid-only 

and gas-only Reynolds number. Additionally, the 

exponentiation of the Martinelli parameter was 

considered a new value rather than one. For 

two-phase flow resistance in rod bundle channels, the 

experimental research is limited and the data are 

deficient. Grant [12] investigated the two-phase 

pressure drop in a rod bundle arranged in a triangular 

array with a Pi/D of 1.25 and proposed corresponding 

calculation models. Two-phase flow patterns and 

frictional pressure drops were experimentally studied 

by Narrow [13]. The frictional pressure drop was 

found closely dependent on the flow patterns and the 

pressure drop cannot be accurately predicted by the 

homogeneous flow models except for the conditions 

where the liquid superficial velocities were low 

enough. Tamai [14] conducted two-phase flow 

experiments in tight-lattice rod bundle channels with 

different gap widths and found larger frictional loss 

in the rod bundles with smaller gap widths. The 

measured pressure drops were compared with the 

Martinelli-Nelson’s correlation [15] and the results 

showed that the two-phase frictional pressure drops 

accounted for a major component. Yan [16] performed 

air–water two-phase flow experiments in a 3 × 3 rod 

bundle under static and rolling motion conditions. 

They found that the gas flow regime significantly 

affected the distribution parameter and divided the 

experimental data into different flow regimes by the 

gas Reynolds number. A new calculation method for 

the two-phase frictional pressure drops was proposed 

based on the Chisholm correlation. 

 

Plenty of studies on flow resistance in various 

channels. However, few researches on the frictional 

resistance under natural circulation conditions in rod 

bundle channels were found in the open literature. In 

order to explore the flow resistance characteristics 

under natural circulation conditions, a series of 

experiments were performed in a 3 × 3 rod bundle 

channel. The pressure drop results under natural 

circulation conditions were obtained and the effects 

of experimental parameters on the frictional 

resistance were analyzed. Based on the newly 

obtained experimental results, new correlations were 

fitted for single-phase and two-phase natural 

circulation flow in the 3 × 3 rod bundle channel. 

 

2 Experimentation 

2.1 Experimental facility 

As shown in Fig. 1, the primary circulation loop 

consists of rod bundle test section, condenser, 

circulation pump, pressurizer, preheater, filter, 

electromagnetic flowmeter, valves and pipes. The 

secondary loop mainly includes cooling tower, water 

tank and pump, providing the final heat sink for the 

condenser. 

 

The test section consists of 3 × 3 rod bundle and 

ceramic partition. Nine hollow heating rods are 

arranged in square array and the value of Pi/D is 1.38, 

according to the common Pi/D range in fuel 

assemblies and the processing condition. Two grid 

spacers are respectively fixed near the inlet and the 

outlet. The rods are connected with a copper plate in 

the top and a copper column in the bottom and heated 

by a low-voltage DC power. The max heating power 

is 45 kW. Outside the channel there is an isolation 

chamber and the barrel is covered by the insulating 

layer. Details of test section are shown in Fig. 2. 
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Fig.1. Experimental loop. 

1 test section, 2 differential pressure transmitter,  

3 thermocouple, 4 condenser, 5 pump, 6 valve,7 pressurizer, 

8 pressure transmitter, 9 preheater,10 filter, 11 electromagnetic 

flowmeter, 12 water tank, 13 cooling tower 

 

press-leading tube

inlet

outlet

grid spacer

heating rod

ceramic partition

barrel

copper plate

copper column
 

heating rod

2
0
0

3
5
0

thermocouple

 
(a) test section structure       (b) heating rod 

 

ceramic partition

heating rod

flow channel

 
(c) cross section 

Fig.2. Rod bundle test section. 

 

Two N-type thermocouples are located at different 

axial positions inside each heating rod to measure the 

heating wall temperature along the flow direction. 

There are eighteen thermocouples fixed at six 

different cross sections. The inlet and outlet fluid 

temperature are measured by two T-type 

thermocouples and the accuracy of the two kinds of 

thermocouples are ±0.5 K. There are two pressure 

measurement sections along the flow direction. The 

section A contains a grid spacer and the section B 

does not. The pressure drop in two sections are 

respectively measured by a Yokogawa EJA110E type 

and a Rosemount 3051CD type differential pressure 

transducer, of which the ranges are -1-4 kPa and -1-3 

kPa with accuracy of ±0.065% and ±0.05%. The 

flowrate is measured by KROHNE OPTIFLUX4300 

electromagnetic flowmeter. The range and accuracy 

are respectively -0.5-1 m3·h-1 and ±0.3%. 

 

2.2 Data reduction 

For pressure drop processing, the total pressure drop 

ΔPt includes gravity pressure drop ΔPg, frictional 

pressure drop ΔPf, acceleration pressure drop ΔPa and 

local pressure drop of the grid spacer ΔPsg. ΔPm is 

measured value of the differential pressure transducer. 

The frictional pressure drop is given by the pressure 

measurement section B. De is hydraulic equivalent 

diameter of flow channel and G is mass flow rate of 

the test section. Ksg is the local resistance coefficient 

of the grid spacer and λ is the friction factor. 
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For a two-phase section, the gravity pressure drop 

and the acceleration pressure drop are calculated by 

the separated flow models. 
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where Ltp is the two-phase section length and ρv 

denotes the vapor density. 

 

In order to reduce the heat loss, the whole barrel of 

the test section is covered with two-tier insulating 

layers and the flow channel is separated with the 

barrel through an isolation chamber full of stagnant 

water. The thermal efficiency  for the heating 

section is calculated by the ratio of the enthalpy 

increment to the electric power. It is close to unity 

and never lower than 95% for the stable single-phase 

flow in all recorded cases. For the two-phase flow, 

the enthalpy increment is hard to obtain directly. 

Therefore, the thermal efficiency for the two-phase 

flow is replaced by the corresponding single-phase 

thermal efficiency before ONB. 
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Mass quality is a significant parameter for two-phase 

pressure drop calculation. Many methods were 

proposed [17-18], while giving a relatively poor 

prediction of the mass quality for a low mass flow 

rate subcooled boiling flow. Sun [19] proposed a 

model based on thermal equilibrium equations for the 

Onset of Nucleate Boiling (ONB) and Onset of 

Saturated Boiling (OSB). Xi [20] found that the model 

was not completely applicable to the two-phase 

natural circulation and modified a calculation 

coefficient based on the natural circulation 

experimental data. The mass quality in this paper is 

calculated by the Xi model. The mass quality is 

calculated as 
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where xeq is the thermodynamic quality and Dth is the 

thermal equivalent diameter. 

 

In the original Xi model, the ONB thermodynamic 

quality xeq, ONB, which is a significant parameter in 

this model, is calculated by the Miropolskii [21] 

correlations. However, the predicted locations of 

ONB are quite different from the experimental values. 

Therefore, the Jens and Lottes [22] correlation is used 

to calculate the xeq, ONB. The calculated true mass 

quality and corresponding thermodynamic quality 

results along the flow direction are shown in Fig. 3. 

The mass quality of the OSB point is given. The true 

mass quality value is always greater than 0 and 

clearly larger than the thermodynamic quality before 

saturated boiling. With the mass quality increasing, 

the two kinds of quality are gradually approaching, 

especially after the OSB point. In this paper, the 

two-phase flow in the pressure drop measurement 

section remains in sub-cooled boiling for most 

experimental conditions. Therefore, the 

thermodynamic quality and the xeq, ONB are not 

suitable for the pressure drop calculation. The true 

mass quality is necessary for the calculation of two 

phase pressure drop in subcooling region. 

 

 
Fig. 3. Calculated mass quality results. 
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With regard to the void fraction calculation, Chexal 
[23] developed a method based on the drift flow model 

for a wide range of two-phase flow conditions and 

fuel assembly geometries. The void fraction in this 

paper is calculated by the Chexal–Lellouche 

correlations, which is used to predict the void fraction 

in rod bundle channels in the RELAP5/MOD3.2.2 

code. 
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where the parameters L, K0, r and different C values 

are other parameters in the Chexal–Lellouche 

correlations. The thermodynamic parameter ranges in 

the experiments are listed in Table 1. 

 
Table 1 Experimental parameters 

Parameters Range 

operating pressure (MPa) 0.1–1.0 

heat flux in test section (kW/m2) 5–330 

inlet fluid subcooling (K) 10–50 

mass flow rate (kg m-2 s-1) 100–600 

 

2.3 Uncertainty analysis 

The N-type and T-type sheathed thermocouples 

respectively have accuracies of ±1 K and ±0.5 K. The 

uncertainty for the differential pressure transmitter is 

±0.055% and the flow rate has an accuracy of ±0.3%. 

The heating power is measured with an uncertainty of 

±0.5%. Kline & McClintock [24] methodology is used 

to calculate and evaluate the uncertainties of 

computed results. For the experimental parameters in 

this paper, the calculated relative uncertainty ranges 

for friction factors and local resistance coefficients 

are respectively 3.2–10.5% and 2.8–6.1%. The 

relative uncertainty ranges for mass quality and void 

fraction are respectively 6.2–10.4% and 7.1–11.3%. 

Moreover, the relative uncertainty range for the 

two-phase frictional pressure drop is 8.5–14.0%. 

 

3 Results and discussions 

3.1 Single-phase flow resistance characteristics 

Under system pressure 0.3 MPa and heating power 

3kW, groups of natural circulation experiments with 

the inlet subcooling degree 30-90 K were conducted 

to obtain the flow resistance results, shown in Fig. 4. 

 

With regard to the friction factor in rod bundle 

channel, there is no theoretical solution at present, so 

the friction factor prediction is mainly based on 

experimental results. Cheng & Todreas analyzed a 

large amount of experimental data and proposed 

friction factor prediction correlations for different 

flow regimes. The laminar and turbulent friction 

factor are respectively expressed as 
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CL and CT can be obtained by Cheng & Todreas [3]. 

ReL and ReT are calculated by the value of Pi/D. 
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Fig.4. Friction factor in natural circulation condition. 

 

As shown in Fig. 4, the friction factor experimental 

values are generally lower than Cheng & Todreas 

correlations especially in low Reynolds number 

region. It is observed that the friction factor slope 

changes obviously near Reynolds number 800 and 

the transition Reynolds number is considered to be 

800, which is reasonable according to the common 

range of the transition Reynolds number. Owing to 

the specific channel structure, the transverse 

disturbance is easy to occur, so the transition 
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Reynolds number in rod bundle channel is rather 

different from the regular channel. The trend of 

experimental results and Cheng & Todreas results is 

consistent while the experimental friction factors are 

lower than those of Cheng & Todreas. First, Cheng & 

Todreas correlation is fitted by the experimental 

results for a 37-pin wire-wrapped rod bundle. The 

wire-wrapped structure makes the friction factor 

results larger than those for bare rod bundles in the 

same Reynolds number. Second, experiments in this 

paper are performed under natural circulation 

conditions while Cheng & Todreas results are from 

isothermal and adiabatic experiments. Therefore, the 

fluid viscosity near the heating surface in this study is 

lower than that of the bulk flow because of the 

temperature gradient, even though Reynolds number 

covers the viscosity effect at bulk temperature. 

Moreover, higher fluid viscosity near the heating 

surface makes the flow resistance lower than 

isothermal and adiabatic results, which accounts for 

the differences between Cheng & Todreas and the 

experimental results. In laminar regime, the friction 

factor and the Reynolds number basically meet the 

formation of Eq. (20). Based on the experimental 

results, friction factor prediction correlation for 

laminar flow is fitted as 

 =58.3 / Re  (24) 

The Reynolds number range is 300-800 and the 

relative error of fitted correlation and the 

experimental values is within 5%. In addition, there 

is no obvious change of friction factor until the 

Reynolds number reaches 7000, which indicates that 

in rod bundle channel the transition regime under 

natural circulation condition is still wide. It is 

accordant with the conclusion of Cheng & Todreas [3], 

namely, the wall and rod shear stress makes the flow 

regime transition hard to occur and it develops from 

the channel center to the wall surface. In the 

Reynolds number range 1500-7000, another 

correlation is fitted to predict the friction factor in 

transition regime and the relative error is within 5%. 

 0.44=1.48Re   (25) 

Different from regular channel, the grid spacer is 

necessary for rod bundle channel to fix the rods and 

also an important local restrictive device. Since there 

are various grid spacer types, the local resistance 

coefficient is hard to express by a single correlation. 

The local resistance coefficient of grid spacer is 

mainly obtained from experiments. Figure 5 shows 

the grid spacer local resistance coefficient results 

under the working condition that is the same as Fig. 

4. 
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Fig. 5. Local resistance coefficient in natural circulation 

condition. 

 

It is clear in Fig. 5 that the slope of local resistance 

coefficient has slight change near Reynolds number 

800. Similarly, two correlations for grid spacer local 

resistance coefficient prediction are fitted when 

Re<800 and Re>1500. The relative error of fitted 

correlations and the experimental values are both 

within 5%. 

 0.701
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3.2 Two-phase flow resistance characteristics 

In this section, the boiling flow phases are identified. 

The ONB during the experiment is determined by the 

wall temperature drop. The variation of pressure drop 

components, including the gravity pressure drop, the 

frictional pressure drop and the acceleration pressure 

drop, is given. For high mass quality conditions, the 

mass flow rate is observed declining with the 

increasing heat flux. 

 

3.2.1 Determination of two-phase section 

Different from air-water two-phase flow, the boiling 

flow resistance is much more complex. Since the 

boiling flow is developing along the flow channel, 

the determination of the two-phase section is 

important. Additionally, the flow instability, which is 

undesirable in the experiments, may occur with the 

increasing heat flux. In order to accurately investigate 
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the boiling flow resistance, a stable two-phase flow 

needs to be obtained. Figure 6 shows the flow rate 

and pressure drop changes with the increasing heat 

flux in single-phase, two-phase and instability 

regions. For the subcooled boiling flow, the flow 

instability occurs when the heat flux increases at the 

tb moment. For the saturated boiling flow, methods 

such as decreasing inlet fluid subcooling degree and 

increasing local resistance at the inlet are adopted to 

restrain the flow instability. Thus obtaining the stable 

saturated boiling flow at the tc moment with the 

increasing heat flux. In this paper, the flow resistance 

in the two-phase regions are focused. 

 

 
(a) before flow instability 

 
(b) after flow instability 

Fig. 6. Different phases in flow boiling. 

 

Apart from the flow phases, the two-phase section 

length is significant as well. As the demarcation point 

between the single-phase and the two-phase regions, 

ONB locations significantly affect the two-phase 

frictional pressure drops calculation. The ONB in this 

study is identified by the abrupt decrease of wall 

temperature. Limited by the measuring points 

distribution and based on experimental ONB 

locations, the Jens and Lottes correlations are used to 

calculate the xeq, ONB. In order to verify the accuracy 

of the calculated ONB locations, Fig. 7 shows the 

calculated ONB location results and corresponding 

experimental ONB regions with different heat fluxes. 

It is clear that the variation tendency of the calculated 

values is reasonable and consistent with the 

experimental regions. The majority of the calculated 

locations are within the experimental ONB regions. 

The Jens and Lottes correlation is considered 

applicable for the ONB location prediction in the 

experiments, especially when the ONB location is 

near the outlet of the heating section, namely for 

relatively lower heat flux. 

 

 

Fig. 7. ONB location variation with heat flux. 

 

3.2.2 Two-phase pressure drop variation 

The two-phase pressure drops are composed of the 

gravity pressure drop, the frictional pressure drop and 

the acceleration pressure drop. Figure 8 shows the 

pressure drops variation with the heat flux and mass 

quality. With the heat flux increasing, the gravity 

pressure drop decreases but the frictional pressure 

drop and the acceleration pressure drop increases. 

The pressure drops change rapidly first and then the 

variation tends to be gentle because the void fraction 

varies fast in the low mass quality conditions. When 

the saturated boiling is full of the whole pressure 

drop measurement section, the pressure drop 

becomes insensitive to the mass quality as well as the 

heat flux. Additionally, the acceleration pressure drop 

increases faster and is larger than the frictional 

pressure drop in the low mass quality conditions. 

However, in the high mass quality conditions, the 

frictional pressure drop increases a little faster than 

the acceleration pressure drop. 
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(a) pressure drops variation with heat flux 

 
(b) pressure drops variation with mass quality 

Fig. 8. Pressure drops variation. 

 

 

Fig. 9. Mass flow rate variation with heat flux. 

 

Figure 9 shows the mass flow rate variation with the 

heat flux. The mass flow rate first increases in the 

low mass quality conditions and then stay 

approximately unchanged. When the heat flux 

continues increasing, the mass flow rate decreases 

with the heat flux, which means that the resistance 

grows faster than the gravity pressure drop reduction. 

It is different from the forced circulation. 

 

3.3 New correlation for two-phase frictional 

pressure drop 

Chisholm [9] proposed a correlation for the two-phase 

multiplier based on the Martinelli parameter X. The 

parameter C is significant and many researchers 

revised it based on different experimental data. In 

view of the poor prediction for the experimental 

pressure drop by the Chisholm correlation, a new 

correlation form is proposed as the Eq. (28). 

 2
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Fig. 10. Comparison of new correlation results. 

 

 
Fig. 11. Comparison of experimental data. 

 

The fitted correlation is shown in Fig. 10 and the 

parameter C and the power n are respectively 26.8 

and 1.5. Figure 11 shows the comparison of 

experimental data and predicted two-phase frictional 

pressure drops by the new correlation. The relative 

errors of more than 90% predicted values are within 

20% and the overall mean relative error is 12.5%. 

 

According to the comparison with the experimental 

data, the relative errors are within acceptable limits. 

Thus the calculation results of the fitted correlation 

are reasonable and valid. The new correlation is 
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considered applicable for the two-phase frictional 

pressure drops prediction in the rod bundle channel 

under natural circulation conditions. The applicative 

flow condition ranges included the system pressure 

0.1–1 MPa, the mass flow rate 100–600 kg m-2 s-1 

and the mass quality 0–0.13. 

 

4 Conclusions 

Flow resistance characteristics under natural 

circulation conditions in a 3 × 3 rod bundle channel 

are experimentally studied in this paper. The frictional 

resistance and the grid spacer local resistance were 

analyzed. The flow boiling phases are identified and 

boiling pressure drops components variation is studied. 

New correlations are fitted based on the experimental 

results for both single- phase and two-phase flow. 

1) The flow regime is divided and the transition 

Reynolds number is about 800. The friction 

factor results are generally smaller than the 

Cheng & Todreas correlation. Based on the 

experimental results, friction factor prediction 

correlations for laminar and transition flow are 

fitted and the relative error is less than 5%. In 

addition, another two correlations are fitted for 

the prediction of grid spacer local resistance 

coefficient in different Reynolds number ranges. 

2) With the increasing heat flux, the flow 

instability occurs easily under natural circulation 

subcooled boiling conditions. The flow phases 

recognition for the stable flow is necessary. The 

wall temperature drop method for the ONB 

determination is applicable for the experiments. 

3) The gravity pressure drops decrease while the 

frictional pressure drops and the acceleration 

pressure drops increase with the increasing heat 

flux. The acceleration pressure drops increase 

faster than the frictional pressure drops under 

the low mass quality conditions. For high mass 

quality conditions, if the resistance including 

frictional pressure drop and the acceleration 

pressure drop grows even faster than the gravity 

pressure drop reduction, the mass flow rate 

decreases with the increasing heat flux. 

4) In the form of the Chisholm correlation, a new 

correlation for the two-phase frictional pressure 

drop is fitted by the experimental results. The 

new correlation is compared with the 

experimental results for the reasonability and 

validity. Under the given flow conditions, the 

new correlation can well predict the two-phase 

frictional pressure drops in the experiments with 

a mean relative error of 12.5%. 

 

Nomenclature 
D rod outer diameter, m 

De hydraulic equivalent diameter, m 

Dth thermal equivalent diameter, m 

g gravity acceleration, m/s2 

G mass flow rate, kg/(m2·s) 

h enthalpy, kJ/kg 

hfg latent heat of vaporization, kJ/kg 

K local resistance coefficient 

L pressure measurement section length, m 

Pi rod pitch, m 

q heat flux, kW/m2 

Re Reynolds number 

T temperature, K 

x mass quality 

ΔPa acceleration pressure drop, Pa 

ΔPf frictional pressure drop, Pa 

ΔPg gravity pressure drop, Pa 

ΔPm measured pressure drop, Pa 

ΔPsg local pressure drop, Pa 

ΔPt total pressure drop, Pa 

 void fraction 

 volume void fraction 

 dynamic viscosity, Pa·s 

 surface tension, N/m 

λ friction factor 

ρ density, kg/m3 

 intermittency factor 

Subscripts 

B Boiling 

cal calculation 

eq equilibrium 

exp experimental 

fl fluid 

in inlet 

l liquid 

L Laminar 

sat saturation 

sg grid spacer 

sp single-phase 

tp two-phase 

tr true 

tu tube 

T Turbulent 

v vapor 
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