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ABSTRACT 

The use of mixed gas working fluids has become common in Joule–Thomson type 

cryocoolers for a variety of applications.  However, there is a scarcity of data currently available 

with supporting theory capable of predicting the heat transfer coefficients associated with two-

phase, multi-component mixtures at cryogenic temperatures.  This document describes an 

experimental facility designed and constructed to measure the heat transfer coefficients and 

frictional pressure drop in small diameter, horizontal test sections with two-phase, multi-

component zeotropic mixtures at cryogenic temperatures.  The aim of this facility is to enable the 

collection of high accuracy data to overcome the scarcity of heat transfer and pressure drop data 

for zeotropic mixtures undergoing a phase change (boiling).  Results are available for 

hydrocarbon mixtures (comprised of methane, ethane, and propane) and synthetic refrigerant 

mixtures (including R-14, R-23, R-32, and R-134a), which are commonly used in small Joule–

Thomson cryocoolers.  The measured heat transfer coefficients for hydrocarbon and synthetic 

mixtures included nitrogen and argon, respectively for dilution.   

The heat transfer coefficient measurements have been shown to be repeatable and accurate 

with an uncertainty of less than 10%.  The pressure drop measurements have been calibrated, 

validated and the facility is capable of measuring the frictional pressure drop under both 

adiabatic and diabatic conditions.  The measured heat transfer coefficient data are presented over 

a temperature range from 100 K to room temperature along with their sensitivity to parameters 

such as heat flux, mass flux, pressure, tube diameter, and mixture composition.   

These measured data are then used to evaluate models to characterize the pressure drop and 

heat transfer process in horizontal tubes.  The heat transfer coefficient data is predicted well 
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using correlations as described by Granryd [1] and Little [2].  Granryd is the recommended 

correlation to predict heat transfer coefficient of zeotropic mixtures.  Granryd shows the best 

accuracy with an Absolute Average Deviation (AAD) of 15% and predicting 87% of the data 

with a relative error lower than 30%.  Little seems to exhibits greater accuracy at high Reynolds 

number or high thermodynamic quality or both; however, its accuracy is substantially reduced 

for low qualities and low Reynolds number.  The measured frictional pressure drop data are 

compared to several pressure drop correlations available in the literature and the Awad and 

Muzychka correlation [3] was able to predict the frictional pressure drop over the range of 

experimental data considered, with an AAD of 17%.  The second best correlation is Sun and 

Mishima [4] with an AAD of 18%.  In addition, the Cicchitti et al. [5], Müller-Steinhagen and 

Heck [6] and Mishima and Hibiki [7] correlations also show reasonable agreement with the 

experimental data.  Based on our data, the Awad and Muzychka (definition 1) [3] homogeneous 

model is recommended for prediction of pressure drop because this correlation agrees with 86% 

of our data with a relative absolute error lower than 30%.  Also, Awad and Muzychka (definition 

1) [3] requires only liquid and vapor viscosity, quality, and mixture density. 
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1. INTRODUCTION 

1.1. Motivation 

Two types of mixtures are currently used in the refrigeration industry: azeotropes and 

zeotropes (sometimes referred to as “non-azeotropes”).  An azeotropic mixture is formed by two 

or more constituents that, together, behave like a single component refrigerant.  This behavior is 

attributable to the strong thermodynamic interactions between unlike molecules that comprise 

the mixture.  When an azeotropic mixture experiences evaporation or condensation at constant 

pressure, the temperature remains constant, just as it does for pure fluids.  Zeotropic (or non-

azeotropic) mixtures behave differently than pure fluids during constant pressure phase change 

(condensation and boiling) by exhibiting a temperature change or “glide” between the dew and 

bubble points rather than a constant temperature as is the case for pure fluids.  Boiling is initiated 

at the bubble point temperature and the mixture temperature increases to the dew point 

temperature as the phase change proceeds to a vapor state.  Zeotropic mixtures are the focus of 

this study. 

The use of chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) in the 

refrigeration industry is quickly ceasing due to environmental impacts such as ozone depletion 

and greenhouse gas effects.  CFC and HCFC refrigerants can be replaced with a single 

component refrigerant or azeotropic mixture that have similar properties, and also with a 

zeotropic mixture that is able to provide refrigeration at nearly constant temperature.  A 

zeotropic mixture is formed by two or more fluids.  Some examples are R-404a (R-125 (44%)/R-

143a (52%)/R-134a (4%), by weight) and R-407c (R-32 (23%)/R-125 (25%)/R-134a (52%), by 
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weight) which are zeotropic mixtures that have replaced R-502 and R-22, respectively.  These 

mixtures have a temperature glide between 0.5 and 7 K. 

Studies have also shown an improvement in the performance of Rankine cycles using 

zeotropic mixtures with low grade heat sources.  Li et al. [8] observed an increase in thermal 

efficiency of solar organic Rankine cycle with a zeotropic mixtures when a recuperator heat 

exchanger is included in the system.  Also, the use of mixtures allows a wide range of selection 

of fluids to be used in these systems.  Chen et al. [9] has shown improvements of thermal 

efficiencies between 10 and 30%.  Wang and Zhao [10] analyze a low temperature solar Rankine 

cycle operating with different composition of mixtures R-245fa/R-152a.  This study did not find 

any improvement of thermal efficiency using any of the analyzed mixtures in comparison with 

pure R-245fa, but Wang showed that a smaller expander is required when zeotropic mixtures are 

used.  Consequently, a reduction of capital cost of the system may be expected. 

Zeotropes are also widely used in applications such as air conditioning, heat pumps and 

refrigeration systems.  Zeotropic mixtures may provide a thermodynamic performance advantage 

resulting from reduced entropy generation when the temperature glide is approximately the same 

as the temperature change of the heat transfer fluid (e.g., air or water) circulating in the 

condenser or evaporator; consequently, the refrigeration cycle efficiency could be improved 

using appropriate heat exchangers [11].  Studies have shown improvements in the thermal 

efficiency of 9% [12] and 30% [13] for air conditioning and heat pump systems, respectively, 

using zeotropic mixtures.  In addition, mixed gas refrigeration systems have been found to be an 

option for providing cooling capacity in the temperature range between 120 and 240 K (and 

sometimes lower) for a variety of applications.  The optimum mixture for such systems generally 

leads to a zeotrope with a very large temperature glide.  Ideally, the mixture should exhibit a dew 
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point temperature at the compressor discharge pressure that is close to ambient temperature and a 

bubble point temperature at the compressor suction pressure that is near to the required 

refrigeration temperature [14].   

A typical Joule–Thomson refrigeration cycle (JT) using a pure substance such as nitrogen as 

the working fluid provides a relatively low efficiency and requires a high working pressure (250 

bar).  However, the JT cycle has the advantages of low cost, high reliability, and is a low cost 

option for small loads associated with industrial and medical applications.  Many researchers, 

including Little [15], Luo et al. [16] and Boiarski et al. [17], have demonstrated that the JT cycle 

efficiency increases substantially (e.g., by an order of magnitude) when the system uses 

zeotropic mixtures (such as nitrogen-hydrocarbon mixtures) as the working fluid.  In addition, 

the required working pressure is significantly reduced compared to pure fluids.  Consequently, 

the Joule–Thomson cycle has recently become more attractive and is now competitive with other 

refrigeration systems for low or cryogenic temperature applications.  Typical evaporating 

temperatures for these systems range between 70 K and 230 K, with cooling capacities ranging 

from less than 1 W to several MW.  The JT cycle is currently used in many specialty cryogenic 

applications, such as cryosurgical probes, cooling infrared sensors, cryopreservation, 

liquefaction, biomedical samples, and current leads.   

Many applications utilize heat exchangers with small tubes or mini-channels using two-phase 

flow because they are able to transfer higher heat flux in a smaller space than traditional heat 

exchangers.  As the channel size is reduced, the surface area to volume ratio increases which 

reduces both material and fluid requirements.  The advantage of using small tubes in heat 

exchangers is even more significant if two-phase-flow occurs throughout the heat exchanger 

because of its higher heat transfer coefficient; however, the reduction in channel size increases 
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the frictional pressure drop; thereby, creating parasitic effects to the refrigeration system.  

Designers often seek to optimize their systems by balancing the advantages and drawbacks of 

using two-phase flow in small channels; consequently, accurately predicting both the pressure 

drop and heat transfer coefficient is essential. 

The thermal performance of JT systems strongly depends on the proper optimization of the 

gas mixtures.  Several authors including Keppler et al. [18], Little [19], Gong et al. [20], Alexeev 

et al. [21] and Skye et al. [22] have proposed systematic techniques to optimize the composition 

of gas mixtures as a function of the operating conditions.  Many of the optimization techniques 

used for these systems are largely focused only on the thermodynamic performance of the 

mixture and ignore the details of the heat transfer process; however, the performance of the 

recuperative heat exchanger is critical for plants with fixed heat exchangers.   

The thermodynamic properties for mixtures are generally well understood, but the thermal 

behavior of gas mixtures within heat exchangers is not yet well characterized; consequently, 

current optimization techniques do not consistently yield the best performance when used to 

charge actual JT machines.  When a JT system is charged with a mixture, it is often the case that 

the mixture composition to optimize the actual system is only obtained after many additional 

trial-and-error experimental iterations are performed.  This trial-and-error optimization process 

greatly increases the development time and cost.   

Effects of the heat transfer processes on cycle performance cannot be effectively accounted 

during the optimization because there are very few data or theories available that can reliably 

predict heat transfer coefficients of boiling zeotropic multi-component mixtures in small 

diameter horizontal tubes.  The studied zeotropic mixtures experience two-phase (condensation 
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or boiling) with very large temperature glides while operating at cryogenic temperatures.  

Although frictional pressure drop correlations for multi-phase and multi-component fluid 

operating at the conditions described here are an important tool for designers, there is little 

information in the open literature that discusses this topic and validates the models with 

experimental data. 

1.2. Objectives 

The goals of this project are: 

• Build and validate an experimental test facility to make accurate measurements of the heat 

transfer coefficient due to convection (to within 10%) and frictional pressure drop for 

boiling gas mixtures.  Generally, the phase change is experienced from 150 K to room 

temperature.   The measurements will be performed in heated horizontal tube test sections 

with inner diameters of 0.5, 1.5 and 3.0 mm.   

• Provide measurements of heat transfer coefficients for at least two sets of gas mixtures: 

hydrocarbon mixtures (methane, ethane, propane, and nitrogen (for dilution)) and 

refrigerant mixtures (R-14, R-23, R-32, R-134a, and argon which is used for dilution).  

• Provide measurements of pressure drop across the test section. 

• Assess the usefulness of currently available correlations for heat transfer and pressure drop 

in terms of their ability to predict the data. 

The collected data is intended to enable understanding the mechanisms that drive the two-

phase, multi-component heat transfer and frictional pressure drop.  The collected data can be 

used to validate existing correlations or, if necessary, support the development of new 
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correlations which will allow optimization models to include heat transfer and frictional pressure 

drop constraints in the design of heat exchangers.  
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2. EXPERIMENTAL FACILITY 

2.1. Design conditions 

The experimental facility is built to measure forced convection heat transfer coefficient of 

zeotropic mixtures in a horizontal test section while the mixture is boiling.  Also, the pressure 

drop across the test section can be measured under diabatic and adiabatic conditions.  Three 

different tube sizes are tested including inner diameters of 0.5, 1.5, and 3.0 mm.  The test facility 

provides the ability to measure heat transfer coefficients and frictional pressure drops for 

mixtures over a range of diameters, mass flux, heat flux, pressure, temperature, gas mixtures, and 

compositions as indicated in Table 1.   

Table 1. Range of operation of the test facility 

Parameter 
Value 

Unit 
minimum maximum 

Inner diameter (ID) 0.5 3.0 mm 
Mass flux (G) 150 250 kg/s m2 

Heat flux ( Q"
⋅

 ) 
0 120 kW/m2 

Pressure (P) 200 1135.3 kPa 
Temperature (T) 150 300 K 

 

At least two mixtures will be tested.  One consists of traditional synthetic refrigerants (R-14, 

R-23, R-32, and R-134a), and the other a mixture of hydrocarbons (methane, ethane, and 

propane).  The mixture of synthetic refrigerants is diluted using argon (0, 20, and 40%) and the 

hydrocarbons mixture using nitrogen (0, 20, and 40%).  The mixtures composition are listed in 

Table 2:  
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Table 2. Zeotropic mixtures tested on the test facility 

Mixtures Composition (vol/vol) 
    
Hydrocarbon mixtures    
Methane 45% 36% 27%
Ethane 35% 28% 21%
Propane 20% 16% 12%
Nitrogen 0% 20% 40%
    
Synthetic refrigerant mixtures    
R-14 35% 28% 21%
R-23 15% 12% 9%
R-32 15% 12% 9%
R-134a 35% 28% 21%
Argon 0% 20% 40%

 

2.2. Description 

The schematic of the experimental facility is shown in Figure 1.  The experimental facility 

can be divided in two sections:  the compressor and control station and the heat transfer section.  

Figure 2 shows a photo of the actual equipment that comprises the compressor and control 

station.  The compressors take the gas mixture at a low pressure and compress it to the required 

high pressure with the necessary mass flow rate to provide the desired gas mixture flow rate to 

the system.  After leaving the compressors, the discharge gas is cleaned, dried and cooled to 

room temperature by oil separators, a filter-dryer and an after-cooler, respectively.  An 

arrangement of throttle valves, a pressure regulator, and a bypass loop are used to control the 

pressure and flow rate through the test section.   
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Figure 1. Schematic of experimental test facility 

 

In addition, a make-up tank allows the system pressure to be maintained at a constant value for 

every condition.  A Coriolis flow meter (Endress Hauser, model 83A02) measures the mass flow 

rate.  The precise make-up of the circulating mixture composition is continuously monitored 

using a TCD gas chromatograph (HP 5890 II) by sampling the gas mixture at room temperature 

from either the low or the high pressure sides of the system. 
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Table 3. Test matrix 

Base mixture Dilution
 P = 200 kPa 1100 kPa 
 0.5 mm 1.5 mm 3.0 mm 0.5 mm 1.5 mm 3.0 mm

    
  [g/s] 0.05 0.44 1.77 0.05 0.44 1.77
    

methane/ethane/propane 
(0.45/0.35/0.20) 

0% N2  [g/s] 2.08 2.08 2.08 21.8 21.8 21.8
20% N2  [g/s] 2.35 2.35 2.35 24.2 24.2 24.2
40% N2  [g/s] 2.61 2.61 2.61 2.61 2.61 2.61

    
R-14/R-23/R-32/R-134a 
(0.35/0.15/0.15/0.35) 

0% Ar  [g/s] 7.29 7.29 7.29 79.3 79.3 79.3
20% Ar  [g/s] 6.48 6.48 6.48 70.5 70.5 70.5
40% Ar  [g/s] 5.72 5.72 5.72 59.4 59.4 59.4

 

The most challenging condition occurs for the 45% methane, 35% ethane, and 20% propane 

gas mixture operating with the 3.0 mm inner diameter test section at a test section pressure of 

200 kPa.  For this condition, the required mass flow ( ) rate is 1.77 g/s and the compressors are 

capable of providing a maximum of 2.08 g/s. 

2.3.2. Oil separator configuration 

The oil is removed from the compressed gas installing two oil separators (temprite 320) in 

series for each compressor as shown in Figure 5.   
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Figure 5. Schematic of the oil separator system 

The oil lines coming from the bottom of each oil separator are connected to the service port of 

the compressors.  Needle valves are installed in the oil lines leaving each oil separator.  The 

needle valves are partially open to allow oil to flow with minimal gas flow.  The pressure 

difference between the high pressure side and the service port drives a continuous oil re-

circulation.  Figure 6 shows a photo of the actual oil separator system. 
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Figure 9. Heat transfer section 

The design of the recuperative heat exchanger is a function of cooling capacity ( ccQ
⋅

) 

provided by the cryocooler.  The design of the cryocooler heat exchanger is a function of cooling 

capacity and the equilibrium temperature or cryocooler base temperature at which that cooling 

capacity is provided.  Tout,c-HX is the temperature required in the inlet of the test section, which 

varies from 150 K to room temperature.  As mentioned before, ccQ
⋅

 increases as the temperature 

required increases, consequently, the challenging condition is faced when Tout,c-HX is 150 K.  The 
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provided ccQ
⋅

 defines what is the temperature required (Tout,hot,r-HX) in the outlet of the hot side of 

the recuperative heat exchanger according to: 

 ( ) ( )in.c HX out ,hot ,r HX out .c HX out ,c HXccQ m h T ,P h T ,P
⋅ ⋅

− − − − = −   (1) 

The effectiveness required by the recuperative heat exchanger is given by the ratio between the 

required heat transfer rate ( r HXQ
⋅

− ) and the maximum possible heat transfer rate ( max,r HXQ
⋅

− ) in the 

recuperative heat exchanger as shown in Eq. (2). 

 r
min r H

HX

max r

X

, HX

Q

Q
ε ε

⋅

−
⋅−

−

= =  (2) 

max,r HXQ
⋅

−  is a function of the inlet (Tin,hot,r-HX) and outlet (Tout,hot,r-HX) temperature in the hot side 

of the recuperative heat exchanger. 

 ( ) ( )in,hot ,r HX in,hot ,r HX out ,hot ,r HX out ,hr H otX ,r HXm h T ,P h T ,PQ − −

⋅

− −− =  −   (3) 

The inlet temperature in the hot side (Tin,hot,r-HX) is the room temperature, which is assumed to be 

300 K.  Eq. (4) shows the dependency of max,r HXQ
⋅

−  on the inlet temperatures in the cold and hot 

side of the recuperative heat exchanger 

 ( ) ( )in,hot ,r HX in,hot ,r HX in,cold ,r HX in,cold ,r HXmax,r HX  h T ,P h T Pm ,Q − − −

⋅

−−

⋅
 = −   (4) 

The inlet temperature in the cold side of the recuperative heat exchanger is defined by the 

increment of temperature in the test section ( test  sectionTΔ ) 
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 in,cold ,r HX out ,c HX test  sectionT T TΔ− −= +  (5) 

test  sectionTΔ  is limited between 5 and 10 K for the hydrocarbons mixture and 10 to 20 K for the 

refrigerant mixture.  The maximum cooling power is required when mixtures flow in the 3.0 mm 

test section because of the constant mass flux condition for the three test section.  The maximum 

mass flux is 250 kg/m2-s.  Figure 10 shows the effectiveness required in the recuperative heat 

exchanger as a function of the cryocooler cooling capacity ( ccQ
⋅

) to cool the mixtures up to the 

seek temperature in the 3.0 mm test section.  The low (200 kPa) and high (1100 kPa) limits of 

pressure are analyzed.  

 

Figure 10. Required effectiveness (ε) in the recuperative heat exchanger as a function of the cryocooler cooling 
capacity 
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It is observed that the most challenging condition is faced when the mixture composed of 

methane, ethane and propane (45%/35%/20% in volume) is tested at low pressure (200 kPa).  

This mixture requires either larger cryocooler cooling capacity ( ccQ
⋅

) or a higher recuperative 

heat exchanger effectiveness due to its lower specific heat at constant pressure (Cp). 

2.4.1. Cryocooler heat exchanger 

Figure 11 shows the cryocooler heat exchanger where the pre-cooled fluid is cooled to the 

desired temperature (from 150 K to room temperature).  The cryocooler heat exchanger is a 

refrigerated copper tube with a nominal diameter of 6.35 mm (0.25 in), which is helically wound 

to a copper cylinder, tube with an outer diameter (ODcylinder) of 79.4 mm (3.125 in) and an inner 

diameter (IDcylinder) of 74.8 mm (2.945 in).  The tested mixture enters in the bottom of the heat 

exchanger and leaves in the top of the heat exchanger closer to the cryocooler.  The cryocooler 

heat exchanger is bolted to the cryocooler through counter-bored holes that are drilled in a 

copper plate where the copper cylinder is soldered.   It is expected to have a high thermal contact 

resistance between the cryocooler base and the cryocooler heat exchanger with this kind of 

attachment; in order to reduce the thermal contact resistance indium gasket is placed between the 

cryocooler heat exchanger and the cryocooler.  
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Figure 12. Schematic of the cryocooler heat exchanger and the grid of the one-dimensional heat transfer analysis. 

 

The parameter N is the number of nodes in the axial direction, and it is equal to the number of 

turns.  The energy balance for an internal node in the cooper cylinder is illustrated in Figure 13.  

The energy balance suggested by Figure 13 is: 

 [ ] [ ] [ ]1 0fluidQ i Q i Q i
⋅ ⋅ ⋅

+ + − =  (6) 

 

Cryocooler

Indium
gasket

ID/2

OD/2

1

2

N



23 
 

 

Figure 13. Energy balance in for an internal node in the copper block. 

The axial heat transfer rate due to conduction ( [ ]Q i
⋅

) through the cylinder is given by: 

 [ ] ( ) [ ] [ ]( )2 24
1

4 cylindercylinde
tube

r tubeOD t
T i T i

Q i  ID  k  
O

h
D

π⋅ − − 
  

+= −  (7) 

Each node is exposed to convection with the mixture.  The energy balance shows that heat 

transfer rate is a function of the energy released by the mixture in each turn, which is expressed 

as: 

 [ ] [ ]( ) [ ]( )outfluid inQ i m h T i ,P h PT i ,
⋅ ⋅

 = −   (8) 

The maximum heat transfer rate is expressed as the difference between the enthalpy at the inlet 

temperature and the enthalpy if the mixture achieves the temperature of the copper cylinder (

[ ]T i ).  The temperature drop across the wall of the tubing is neglected 

 [ ] [ ]( ) [ ]( )fluid ,max inQ i m h T i ,P h T i ,P
⋅ ⋅

 = −   (9) 

q(i)

q(i+1)

qfluid(i)
i
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The effectiveness ( [ ]) for each turn is calculated as follow 

 [ ] [ ] [ ]fluid fluid ,maxQ i Q i  iε
⋅ ⋅

=  (10) 

Also, the heat exchanger effectiveness is determined based on the number of transfer units 

(NTU[i]) of the heat exchanger.  According to Nellis and Klein [23], when the capacitance ratio 

is equal to zero, [ ] is expressed as. 

 1 ( NTU [ i ])[ i ] eε −= −  (11) 

NTU[i] is defined as the ratio between the UA[i] and the capacitance  

 [ ] [ ]
[ ]

UA i
NTU i

m Cp i
=


 (12) 

where [ ]Cp i  is the average specific heat capacity of the mixture for each turn.   

 [ ] [ ] [ ]( )
[ ] [ ]( )

out in

out in

h i h i
Cp i

T i T i
−

=
−

 (13) 

The UA[i] is only given by the thermal resistance due to convection between the mixture and the 

inner surface of the pipe. 

 [ ] [ ]( ) ( )( )
1 1

tube cylinder tube
UA i htc i  ID   ID OD  π π

=
+

 (14) 

htc is the heat transfer coefficient of the mixture, which is conservatively estimated assuming 

that the mixture behaves as singe phase vapor.  It is expected that htc will be larger because there 

is two-phase flow inside of the cryocooler heat exchanger. 
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There are two boundary conditions associated to this problem:  the top boundary that depends 

of the temperature of the surface of the cryocooler ( ) and the adiabatic bottom boundary.  In 

the top boundary, the heat transfer rate extracted by the cryocooler ( [ ]1Q
⋅

) is given by Eq. (15), 

which is described by the ratio of the temperature difference between the cryocooler surface and 

the node in the first row of the helically wound copper tube, and the sum of the thermal 

resistances between these nodes. 

 [ ] [ ]( )

( )( ) [ ]( ) [ ]2 2 2

1
1

2
1

4 4 2
4 1

c

platetube
c

c
cylindcylinder tube cyli deer n r

T T
Q thOD

OD th

/ R
T T ID  k T   kOD

π π

⋅ −
=

+ +
 −  
 

+ +

 (15) 

The thermal resistance is composed by the axial conduction in the copper cylinder and copper 

plate, and the contact resistance ( ) across the indium gasket that is located between copper 

plate and the cryocooler base.  For an Indium gasket  is 0.0001421 K/W at a contact pressure 

of 100 kN/m2 [24].   is the thermal conductivity of copper.   

The adiabatic bottom boundary is expressed as: 

 [ ]1 0Q N
⋅

+ =  (16) 

The effectiveness of the cryocooler heat exchanger is determined as follow: 

 maxQ Q  ε
⋅ ⋅

=  (17) 

here Q
⋅

 is defined as the enthalpy difference between the inlet and the outlet of the cryocooler 

heat exchanger.  
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 [ ]( ) [ ]( )( )1in outQ m h T ,P h T M ,P
⋅ ⋅

= −  (18) 

and maxQ
⋅

 is supposed as the enthalpy difference between the inlet and the outlet assuming that 

the mixture achieves the temperature of the cryocooler surface when it leaves the heat exchanger. 

 [ ]( ) ( )( )1in cmaxQ m h T ,P h T ,P
⋅ ⋅

= −  (19) 

Figure 14 shows the effectiveness of the cryocooler heat exchanger as a function of the number 

of turns for the mixture methane, ethane and propane (45%/35%/20% in volume) flowing with a 

pressure of 200 kPa.  Also, it is shown on the right axis the required temperature on the base of 

the cryocooler to cool the mixture up to the seek temperature (150 K).   

 

Figure 14. The effectiveness of the cryocooler heat exchanger as a function of number of turns. 
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exposed to high vacuum (lower than 1x10-4 torr) minimizing convection losses.  Two (2) 100 W 

electrical cartridge heaters were installed in the base of the cryocooler.  Seven (7) MLI layers 

were installed over the cryocooler to minimize radiation losses.  Without any applied load the 

cryocooler reaches an equilibrium temperature of 28 K.  A heating load ranging from 0 to 160 W 

was then supplied in the base of the cryocooler.  For each level of power supplied, the steady 

state temperature in the base of the cryocooler was measured after thermal equilibrium is 

achieved.  The cryocooler cooling capacity as a function of temperature is shown in Figure 16. 

 

Figure 16. Cryocooler cooling capacity as a function of temperature 

The cold head does not perform as good as the manufacturer reported.  It only supplies a 

cooling power of 90 W when the base temperature is 80 K, instead of the 125 W reported by the 

manufacturer.  The cold head has been used for more than 10 years; therefore, it is expected that 

its function may deviate from its original performance.  A cryocooler temperature of 142 K is 
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The main goal of the recuperative heat exchanger is to minimize the cooling requirement on the 

cryocooler in order to pre-cool the incoming gas mixture.   

Design considerations 

A counter-flow heat exchanger is proposed as recuperative heat exchanger.  The recuperative 

heat exchanger is modeled using the sub-heat exchanger methodology [23] because the mixture 

is expected to experience a large change in properties as it flows through the heat exchanger.  

The hot stream enters as superheated vapor and exits as a two-phase mixture.  The cold stream 

enters as a two-phase mixture and exits as superheated vapor.  The sub-heat exchanger 

methodology is shown schematically in Figure 18.  

 

Figure 18. Schematic sub-heat exchanger methodology. 

Each sub-heat exchanger is solved using the effectiveness-NTU method [23].  The total heat 

transfer rate ( r HXQ
⋅

− ) is computed as the difference in the enthalpies of the inlet and outlet states 

on the hot side fluid: 

 [ ] [ ]( )1 1hot hotr HX  h hQ m N
⋅ ⋅

− = − +  (20) 

The heat exchanger is divided into N sub-heat exchangers, and the heat transfer rate in each sub-

heat exchanger is defined as being equal, Eq. (21): 
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 [ ]r HX r HXQ i Q / N
⋅ ⋅

− −=  (21) 

The energy balance on the hot stream gives the enthalpy leaving the hot side of each of the sub-

heat exchanger, and it is expressed as: 

 [ ] [ ] [ ]( )1hot hotr HXQ i m h i h i
⋅ ⋅

− = − +  (22) 

In the hot-side fluid, the leaving temperature (Thot[i+1]) in each sub-heat exchanger is obtained 

from the enthalpy and pressure using REFPROP [25].  The enthalpy of the fluid leaving the cold 

side is calculated from the energy balance on the cold stream, which is expressed as: 

 [ ] [ ] [ ]( )1cold coldr HXQ i m h i h i
⋅ ⋅

− = − +  (23) 

The leaving temperature (Tcold[i]) in the cold stream of each sub-heat exchanger is obtained in a 

similar way as the hot side.  The average specific heat capacity of the hot ( [ ]hotCp i ) and cold (

[ ]coldCp i ) streams are estimated as the ratio of the specific enthalpy difference and the 

temperature difference across each sub-heat exchanger section according to Eqs. (24) and (25): 

 [ ] [ ] [ ]( )
[ ] [ ]( )

1
1

hot hot
hot

hot hot

h i h i
Cp i

T i T i
− +

=
− +

 (24) 

 [ ] [ ] [ ]( )
[ ] [ ]( )

1
1

cold cold
cold

cold cold

h i h i
Cp i

T i T i
− +

=
− +

 (25) 

The minimum and maximum capacitances are determined by Eqs (26) and (27), respectively: 

 [ ] [ ] [ ]min hot coldC i min m Cp i , m Cp i
⋅ ⋅ =  

 
  (26) 
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 [ ] [ ] [ ]max hot coldC i max m Cp i , m Cp i
⋅ ⋅ ⋅ =  

 
 (27) 

The capacitance rate is defined as: 

 [ ] [ ]
[ ]

min
R

max

C i
C i

C i

⋅

⋅=  (28) 

The maximum possible heat transfer rate ( [ ]r HX ,max iQ −

⋅
) of each sub-heat exchanger is defined as: 

 [ ] [ ] [ ] [ ]( )1min hot coldr HX ,max i i  Q C T i T i
⋅ ⋅

− = − +  (29) 

The effectiveness of each sub HX is obtained from Eq. (30): 

 [ ] [ ] [ ]r HXr HX r HX ,maxi i  Q Q iε−

⋅

−−

⋅
=  (30) 

The number of transfer units required in each sub-heat exchanger, NTU[i], is obtained using the 

effectiveness-NTU relation for counter-flow heat exchangers [23].  

 [ ]
[ ] [ ]( )( )

[ ] [ ] [ ]( )( )
1 1

1 1
R

r HX
R R

exp NTU i  C i
i

C i  exp NTU i  C i
ε −

− − −
=

− − −
 (31) 

The conductance (UA[i]) required by each sub heat exchanger can be computed as a function of 

NTU[i] 

 [ ] [ ] [ ]minUA i C i  NTU i
⋅

=  (32) 
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Two configurations are considered for the design of the recuperative heat exchanger: a paired 

tube heat exchanger and a tube in tube heat exchanger (concentric tubes).  The paired tube heat 

exchanger consists of two parallel tubes with nominal diameter of 6.35 mm (0.25 in), where the 

separate tubes are soldered together to achieve good thermal contact as schematically shown in 

Figure 19. 

 

Figure 19. Cross-sectional view of the recuperative heat exchanger, paired tube configuration. 

For the paired tube configuration, the calculated conductance of each sub-heat exchanger is 

defined as: 

 [ ] [ ] [ ] [ ] [ ] [ ] [ ]
1 1 1c

cold m hot

L
UA i htc i   ID x i k i  OD x i htc i   ID x iπ Δ Δ π Δ

= + +  (33) 

The first term expresses the thermal resistance between the cold mixture and the inside surface of 

the tube.  The variable htccold[i] is the local cold heat transfer coefficient due to convection, 

[ ]x iΔ  is the length of each sub-heat exchanger, and ID is the inner diameter.  The second term is 

δ

hot stream cold stream

Rconv

Rcond

Rconv
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the resistance due to conduction where km[i] is the metal thermal conductivity, OD is the outer 

diameter, and Lc is the average conduction length. Lc is expressed as:  

 ( )2

0

22 1 1 0 36
/

c
ODL cos d OD . OD

π
δ θ θ δ δ

π π
 = + − = + − ≈ + 
   (34) 

The third term shows the thermal resistance between the hot mixture and the inside surface of the 

tube where htchot[i] is the local heat transfer coefficient due to convection on the hot heat 

exchanger.  The local hot (htchot[i]) and cold (htccold[i]) heat transfer coefficient are estimated 

assuming that the mixture behaves as single phase vapor, which is conservatively estimated 

because it is expected that htc will be larger because of two-phase condition in the most part of 

the recuperative heat exchanger.  [ ]x iΔ  is calculated by solving Eq. (33). 

The second alternative configuration, tube-in–tube, is formed by two concentric tubes.  The 

inner tube has a nominal diameter of ¼” and the outer tube has a nominal diameter of ½”.  The 

schematic of this configuration is presented in Figure 20. 

 

Figure 20. Schematic tube in tube heat exchanger configuration. 
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For the tube in tube configuration, the calculated conductance of each sub-heat exchanger is 

defined as: 

 [ ] [ ] [ ] [ ] [ ] [ ] [ ]
1 1 1

2cold m hot

ODln
ID

UA i htc i   ID x i   k i  x i htc i   OD x iπ Δ π Δ π Δ

 
 
 = + +  (35) 

The first term expresses the thermal resistance between the cold mixture and the inside surface of 

the tube.  ID is the inner diameter of the inner tube.  The second term is the resistance due to 

conduction.  OD is the outer diameter of the inner tube.  The third term shows the thermal 

resistance between the hot mixture and the inside surface of the tube. 

The length of both heat exchanger configurations is calculated as the sum of the length of 

each sub-heat exchanger, and it is expressed as: 

 [ ]
1

N

r HX
I

L x iΔ−
=

=  (36) 

The number of sub-heat exchangers is set as 40 (N = 40).  The mixture methane, ethane and 

propane (45%/35%/20% in volume) with a pressure of 200 kPa is selected to be analyzed.  The 

results for both configurations are presented in Figure 21 and Figure 22 that show the length of 

both alternatives for the recuperative heat exchanger as a function of the effectiveness.  
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Figure 21. . Heat exchanger length in the paired tube configuration as a function of effectiveness. 

 

 

Figure 22. Heat exchanger length in the tube in tube configuration as a function of effectiveness. 
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The best configuration for the recuperative heat exchanger is the paired tube configuration 

because it requires a shorter heat exchanger to provide the same effectiveness.  In the paired tube 

configuration, a length of 25 m corresponds with the 92.5% effectiveness required.   

2.4.4. Test section 

Three separate test sections are necessary to perform the experiments; each test section has a 

different inner diameter corresponding to ID = 0.5, 1.5, and 3.0 mm.  The test section itself is 

comprised of a thin wall stainless tube enveloped by a solid copper “block” which provides the 

test section with thermal mass and uniform wall temperature.  The dimensions of the test sections 

are shown in Table 4.   

Table 4. Dimensions of test sections 

Parameter Value unit instrument 

Inner diameter SS304 tube (ID) 0.506±0.003 1.527±0.003 2.871* mm microscope 

Outer diameter SS304 tube (OD) 0.721±0.003 1.821±0.003 3.396±0.003 mm micrometer 

Wall thickness SS304 tube (th) 0.108* 0.147* 0.262±0.007 mm microscope 

Rrms (roughness) 1.290±0.010 0.860±0.010 0.400±0.010 µm Zygo 

Rrms/ID 0.0026* 0.0006* 0.0001*   

Length copper block (L) 17.50±0.01 52.50±0.01 105.00±0.01 mm caliper 

Outer diameter copper block 12.70±0.01 19.05±0.01 25.40±0.01 mm caliper 

PRTs location 6.30±0.01 9.03±0.01 12.70±0.01 mm caliper 

L∆P 68.24±0.01 125.80±0.01 153.80±0.01 mm caliper 

Pressure tap diameter 0.63±0.01 0.63±0.01 0.63±0.01 mm caliper 

Length tap – inlet (Lin) 25.37±0.01 33.00±0.01 30.80±0.01 mm caliper 

Length outlet – tap (Lout) 25.37±0.01 40.30±0.01 18.00±0.01 mm caliper 

*calculated value      
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A schematic of the test apparatus is shown in Figure 23, four distinct locations are identified as 

follows: “A” is the test section approach, where the refrigerant inlet temperature is measured 

using two platinum resistance thermometers (PRT) submerged in the flow.  “B” is the actual inlet 

to the active portion of the test section, where pressure only is measured.  “C” is the actual outlet 

of the test section.  “D” is the test section departure, where the outlet temperature is measured 

using two PRTs submerged in the flow.  Pressure is measured near to the inlet.  The pressure tap 

is located a distance Lin from B to minimize flow perturbation on the test section.  In addition, 

the differential pressure between the segments of the test apparatus are measured (i.e. between A 

and B, B and C, and C and D).  The temperature sensors at locations “A” and “D” are large and 

disrupt the flow substantially; therefore, they cannot be located directly at the inlet and exit to the 

test section (i.e., at locations “B” and “C”, respectively).   

 

Figure 23. Schematic of test section 

Figure 24 shows a picture of the medium test section installed on the test facility. 
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Figure 28. Results of Ansys model, Nusselt as a function of length 

The CFD model is validated against a mixing length model and also the Dittus-Boelter 

correlation.  Both the CFD model and the mixing length model describe a hydro dynamically 

fully developed flow exposed to heating in a constant temperature wall pipe.  The mixing length 

model is a 2D eddy diffusivity of momentum model that uses the Spalding velocity profile as 

described by Nellis and Klein [23].  The Dittus-Boelter [26] correlation is shown in Eq. (37), and 

it gives the local Nusselt number for a turbulent thermal and hydro dynamically flow. 

 0 8 0 40 023 . .Nusselt . Re Pr=  (37) 

Figure 29 shows the comparison of the results between these three approaches.  The mixing 

length model shows good agreement with the CFD model.  It has the same trend, but the Nusselt 

numbers predicted by the mixing length model are greater than CFD model.  The Dittus-Boelter 

correlation matches with the CFD model when the flow is thermal fully developed. 
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Figure 29. Comparison between CFD model, mixing length model, and Dittus-Boelter 

The average heat transfer coefficient is measured in the test facility.  However, we are 

trying to determine the local heat transfer coefficient.  The local heat transfer coefficient is large 

at the beginning of the heating zone, and decreases up to the point where it achieves a thermal 

fully developed condition.  Consequently, there is a difference between the actual average and 

the local heat transfer coefficient that we are attempted to measure because of the influence of 

the developing zone.  The difference is called an error in this report and is quantified using Eq. 

(38).   
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The local and average Nusselt number and the difference (error) between them as a function of 

the length of the test section surrounded by the copper block is shown in Figure 30.  A difference 

(error) of 10% is observed when the length is 35 inner diameters.   

 

Figure 30. Local and average Nusselt number and error as a function of the length of the heating section 

The final design of the test section is shown in Figure 31.  This final design takes into 

account the dimensions that allows both a hydro-dynamic and thermal conditions to be fully 

developed, and a difference lower than 10% between the local heat transfer coefficient (that we 

wish to measure) and the average Nusselt number (that we actually measure).  The length of the 

test section is defined as 35 inner diameters. 
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 ( ) ( )
2 2

2 2Q QQ V I I  V V  I
V I

δ δ δ δ δ
⋅ ⋅

⋅    ∂ ∂   = + = +
   ∂ ∂
   

 (41) 

 

2 2 2
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Δ Δ ΔδΔ δ δ δ
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 (42) 

Where LMTD

in

T
T

Δ∂
∂

, LMTD

out

T
T

Δ∂
∂

and LMTD

wall

T
T

Δ∂
∂

 are defined by Eqs. (43), (44), and (45), respectively. 
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All of the temperatures are measured using Platinum Resistive Thermometers (PRT’s) connected 

in a 4-wire configuration and excited by a precise current source.  Calibration of each PRT will 

be made using nitrogen liquid and ice bath to provide a calibration uncertainty of ±0.25 K [27].  

Redundant PRT’s reduces uncertainty.  If two (2) measurements of temperature are performed at 

each point then the uncertainty is reduced to ±0.18 K according to: 
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2 2

1 2
1 1
2 2

T T Tδ δ δ   = +   
   

 (46) 

The analysis to predict the uncertainty of the experiments and define the length of the tube 

section and the range of the heat addition includes the calculation of temperatures (Tout and Twall) 

by using an energy balance and solving the heat transfer rate equations using as input data the 

inside tube diameter (ID), the inlet fluid temperature (Tin), the length of the section (L), and the 

rate of heat supplied (Q
⋅

).  The energy balance is a function of the inlet and the outlet enthalpies 

of the gas mixture.  The gas mixture properties will be obtained using REFPROP [25].  The heat 

transfer rate equation is a function of htc.  An accurate correlation to predict the local ℎ  for 

zeotropic mixtures in the two-phase region does not exist.  The Chen correlation [28] is used to 

predict htc and it is shown in Eq. (47): 

 
( )l l ttk  Nu  f X

htc
ID

=  (47) 

Nul is the Nusselt number of the liquid phase, and kl is the thermal conductivity of the liquid 

phase.  f(Xtt) is a parameter defines as a function of the Lockhart and Martinelli coefficient (Xtt) 

liquid and vapor phases turbulent according to Eq. (48),  The Lockhart and Martinelli coefficient 

(Xtt) both phases turbulent is defined in Eq. (49).   
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where , , and x are the local density, viscosity and quality.  The subscripts l and v denote 

liquid and vapor fraction.  Moreover, Nul is calculated using Dittus-Boelter [26]. 

 0 8 0 40 023 . .
lNu .  Re  Pr=  (50) 

Little [2] stated that, for some zeotropic mixtures, the Chen correlation over-estimates heat 

transfer coefficients.  The overestimation of htc is useful information for the uncertainty analysis 

because with higher htc the temperature difference between the wall and the bulk gas mixture is 

reduced increasing the relative uncertainty of the experiment; therefore, an overprediction of htc 

is a more exacting scenario than an accurate prediction.  Figure 32 and Figure 33 show the 

prediction of htc for the two gas mixtures shown in Table 2 (without dilution) as a function of the 

local thermodynamic quality (x) using a mass flux of 250 kg/m2-s. 

 

Figure 32. Prediction of htc as a function of quality (x) for different inner diameters (ID) for a gas mixture (35% 
R-14, 15% R-23, 15% R-32, and 35% R-134a) and G = 250 kg/m2-s. 
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Figure 33. Prediction of htc as a function of quality (x) for different inner diameters (ID) for a gas mixture (45% 
methane, 35% ethane, and 20% propane) and G = 250 kg/m2-s 

 

Figure 32 and Figure 33 show that the higher htc is observed in when the mixture of 

hydrocarbons is used in the test section with an inner diameter of 0.5 mm.  When a constant heat 

is supplied to the test section, the temperature difference between the wall and the bulk gas 

mixture decreases as the htc increases.  The higher htc is the toughest condition because the 

relative uncertainty of the temperatures measurement increases when in the test section is 

measured a low temperature difference between the wall and the bulk gas mixture.  Using the htc 

predicted using Chen correlation and REFPROP property data, the temperatures are calculated 

for different lengths of the tube section.  Once the temperatures are calculated, the uncertainty 

analysis is carried out, and the result for the most challenging condition is presented in the 

following figure. 
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Figure 34. Uncertainty analysis for a gas mixture (45% methane, 35% ethane, and 20% propane) with inner 
diameters (ID) = 0.5 mm and G = 250 kg/m2-s 

 

The uncertainty decreases when the rate of heat supplied increases.  The increment in the heat 

supplied increases the difference between the bulk fluid temperature and the wall temperature 

reducing the impact of the uncertainty in the temperature measurements.  However, as the heat 

rate is increased, the properties of the mixture may experience larger changes between the 

change between the inlet and outlet conditions.  The variation in fluid properties is undesirable 

because Eq. (39) is based in constant properties.  The variation in fluid properties is obtained 

using Eq. (51), where f is the selected property: 
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Reynolds, Prandtl and Peclet numbers are selected to evaluate the change of fluid properties 

because of the change between the inlet and the outlet conditions.  Figure 35 shows the variation 

of the dimensionless numbers as a function of the heat applied. 

 

Figure 35. Variation of Reynolds, Prandtl and Peclet numbers of the gas mixture (45% methane, 35% ethane, and 
20% propane) as a function of the heat applied. 

 

The length of the 0.5 mm test section is 17.5 mm.  The minimum heat load to be applied in 

the test section has been determined by the means of the uncertainty analysis.  0.9 W is the 

minimum heat that may be applied to hydrocarbon mixture in the 0.5 mm test section to keep the 

measured uncertainty below 10% when the test section length is 17.5 mm.  The maximum heat 

load is limited by the desire to keep nearly constant fluid properties between the inlet and the 
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number variation only is influenced by the viscosity change.  Around 20% variation is observed 

when the heat applied is 2.5 W.  The Prandtl and Peclet numbers change less than 10 % below 

2.5 W.  Therefore 2.5 W is chosen as the upper limit for the heat applied.  The selected range 

heat loads for each test section and for each mixture are shown in Table 6.   

Table 6. Range heat loads for each test section and for each mixture 

Base Mixture 
ID (mm) 

0.5 1.5 3.0 
    
45% Methane 

0.9 – 2.5 W 6 – 22 W 20 – 80 W 35% Ethane 
20% Propane 
    
35% R-14 

0.4 – 1.2 W 2 – 11 W 10 – 40 W 
15% R-23 
15% R-32 
35% R-134a 

Construction considerations 

As noted earlier in this report, the heating zone of the test section is formed by copper block, 

which is installed (brazed) over the stainless steel pipe.  On the surface of the copper block a 

nichrome wire is installed to apply the heat load.  The copper block adds thermal mass in order 

to enable an isothermal pipe wall condition to be maintained.  The copper block brazing process 

includes: (1) applying brazing flux to both the inner surface of the copper block and the external 

surface of the stainless steel pipe, (2) position the copper block over the stainless steel pipe, (3) 

apply silver brazing alloy in one side while the copper block is heated to allow the alloy flow to 

the other side, and (4) the copper block is rotated over the stainless steel pipe in order to allow a 

proper attachment and contact.  Figure 36 shows the copper block features.   
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The two point calibration takes advantage of the fact that the difference between the voltages 

measured at two temperatures by an uncalibrated PRT exhibits a linear relationship with the 

voltage that is provided by the standard curve (Eqs. (52) or (53)) at the same these two 

temperatures.  Consequently, if we measure the voltage for two known temperatures (reference 

temperatures), we are able to measure with accuracy of 0.25 K a third temperature.  See Figure 

44.  

 

Figure 44. Linearity of voltage difference in PRTs 

So, the temperature is obtained from the following expression: 

 ( ) ( ) ( ) ( )1 1St
St

V T V T mV T
V T

m
− −  =  (54) 

where the slope (m) is defined by Eq. (55).  
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( ) ( )
( ) ( )

2 1

2 1St St

V T V T
m

V T V T
−

=
−

 (55) 

where T1 is the saturation temperature of nitrogen (77,10 K at an atmospheric pressure of 98.26 

kPa (737 mmHg)), T2 is the freezing point of water (273.15 K), VSt is the voltage obtained from 

the standard curve for PRT, and V is the actual measured voltage.  VSt is obtained by calculating 

the standard resistance from the standard curve (Eqs. (52) or (53)), and using Eq. (56).  

 ( ) ( )St StV T I  R T=  (56) 

where the current (I) through PRTs is equal to 0.3 mA. 

2.5.3. Heat load measurement  

Electrical energy is applied to the test section using a high resistivity (nichrome) wire 

wrapped over the surface of the copper block.  The rate of heat applied by ohmic dissipation is 

calculated by the precise measurement of the current and voltage applied using a four-wire 

measurement.  The circuit used to measure the heat load ( appliedQ
⋅

) is shown in Figure 45.  appliedQ
⋅

 

to the test section is calculated as the product of the DC current (I) and the voltage (V) applied to 

the nichrome heater.   

 appliedQ V I
⋅

=  (57) 

The current is determined by measuring the voltage across a calibrated shunt resistance (Rshunt = 

0.025 [ohm]).   

 shunt

shunt

VI
R

=  (58) 
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Figure 47. Relative uncertainty as a function of mass flow rate 

The largest relative error (2.5% relative error) is observed when the 0.05 g/s mass flow rate is 

tested (0.5 mm inner diameter test section).  A 0.5% relative error is expected when the mass 

flow rate are 0.44 g/s and 1.77 g/s (1.5 mm, and 3.0 mm inner diameter test sections, 

respectively).  

2.6. Data Reduction 

2.6.1. Heat Transfer Coefficient 

2.6.1.1. Measured Heat Transfer Coefficient 

The resistive heat applied ( appliedQ
⋅

) to the copper block is measured electrically and the 

majority of the applied heat is transferred to the mixture; however, some fraction of the applied 
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order to minimize heat losses.  The thermal resistance of the system to conduction (Rleak,system)  is 

measured by applying a small amount of heat in the test section while the inside and outside of 

the tube are exposed to high vacuum and is calculated according to: 

 block cryocooler
leak ,system

applied leak ,radiation

T T
R

Q Q
⋅ ⋅

−
=

−
  (62) 

The thermal resistance (Rleak,system) for the test section due to the heat leak by conduction was 

determined to be 247 K/W, 97 K/W and 38 K/W for the 0.5, 1.5 and 3.0 mm test sections, 

respectively.  During the test, the heat loss from the test section due to conduction ( leak ,conduction

.
Q ) 

is calculated according to: 

 block A
leak ,conduction

leak ,system

T TQ
R

⋅ −=  (63) 

Assuming the cryocooler temperature is similar to the inlet temperature. (TA) because the high 

effectiveness of the cryocooler heat exchanger. 

The heat leak due to radiation ( leak ,radiationQ
⋅

) is enabled due the temperature difference between 

the test section and the isothermal shield that is connected to the cryocooler as shown by Eq (64). 

 
( )4 4

blo
lea

ck
k ,radiati

A

radiati n
n

o
o

T T
R

Q
σ⋅ −

=  (64) 

Rradiation is the thermal resistance due to radiation.  The radiation losses are minimized because 

the test section is enclosed in an isothermal shield that is thermally connected to the cryocooler 

as shown in Figure 49.  The isothermal shield is assumed to achieve the cryocooler temperature, 
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Tshield = Tcryocooler = TA.  The isothermal shield is coated with a MLI layer at its inner and outer 

surface in order to minimize its emissivity.  In addition, three MLI layers are wrapped around the 

test section between the test section and the isothermal shield.  The heat loss due to radiation is 

estimated using a thermal network that involves the test section, the MLI layers and the 

isothermal shield.  The emissivity of the test section ( testε ) and the MLI layer ( MLIε ) are 

estimated to be 0.8 and 0.05, respectively.  Rradiation is calculated according to: 

1 1 1 1 11 1 12 2test MLI MLI MLI MLI
radiation

test test test MLI MLI MLI MLI MLI MLI MLI MLI MLI shield

R   
 A A  A  A A  A A  A
ε ε ε ε ε

ε ε ε ε ε
 − − − − −= + + + + + + + 
 

 (65) 

Atest, AMLI, and Ashield are the surface area of the test section, MLI, and isothermal shield, 

respectively. 
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cryocooler, cryocooler heat exchanger and the isothermal shield without any insulation is 14.2 W 

assuming a cryocooler temperature of 150 K and an ambient temperature of 300 K.  These losses 

may be substantially reduced if some layers of multi-layer insulation (MLI) are added enclosing 

these sections as is shown in Figure 50.   

 

Figure 50. Heat leak by radiation as a function of number of MLI layers 

The MLI provides a high radiation resistance due to its low emissivity (ε≈ 0.05).  Heat transfer 

by conduction through the contact between MLI layers is avoided placing dacron netting 

between them.  The installation of five MLI layers reduces the radiation losses by about 90%. 

The effect of the heat losses (conduction & radiation) with fluid flowing is shown in Figure 

51.   

0 2 4 6 8 10
0

1

2

3

4

5

6

Number of MLI layers

Q
  [

W
]

5 layers of MLIs



71 
 

 

Figure 51. Heat applied, heat absorbed by the fluid and losses 

The heat applied, appliedQ
⋅

, is almost completely transferred to the fluid ( fluidQ
⋅

).  The heat losses 

increase slightly when the fluid passing through the test section is liquid-only or vapor-only 

because the lower single phase heat transfer coefficient that allows the copper block to get hotter; 

thereby, increasing the heat losses.  The right axis of Figure 51 shows the ratio between the 

losses and the heat applied ( appliedQ
⋅

), which is calculated using  

 100 leak ,conduction leak ,radiation
losses

applied

Q Q
% Q %

Q

⋅ ⋅
⋅

⋅

+
=  (66) 

In the two-phase region, the heat losses represent less than 0.5% of appliedQ
⋅

 while the heat losses 

reach approximately 3% when the flow is vapor-only.  Fortunately, the two-phase region where 

the losses are smallest coincides with the main region of interest for this project. 
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It is assumed that the copper block and the stainless steel tube have no axial temperature 

gradient; consequently, the tube wall is isothermal.  The wall temperature (Twall) may be 

calculated using a thermal resistance network between the location of PRTs sensors in the copper 

block and the inner wall tube.  The wall temperature is obtained by solving the thermal network 

using Eq. (67). 

 

2 2

block wall
fluid

PRT

copper ss

T TQ
D ODln ln
OD ID

k L k Lπ π

⋅ −=
   
   
   +

 (67) 

where DPRT is the diameter at the location of the PRTs sensors in the copper block.  ID and OD 

are the inner and outer diameter of the stainless steel tube.  kcopper and kss are the thermal 

conductivity of the copper and stainless steel, respectively.  L is the length of copper block. 

The test section may be understood as a heat exchanger that has a wall with constant 

temperature on the hot side, and a fluid that change temperature in the cold side.  In this 

situation, the hot side is the isothermal tube wall and the cold side is the zeotropic mixture that 

changes temperature as heat is added during boiling.  The heat transfer coefficient (htc) is 

determined using Eq. (68), which is similar to the approach used by Nellis et al. [30]. 

 fluid

LMTD

Q
htc

Area TΔ

⋅

=  (68) 

The surface area used as the basis for the heat transfer coefficients is the inside area of the tube 

(Area=π L ID).  Thin-walled stainless tubing is used for the test section to minimize 
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measurement uncertainty caused by axial conduction.  ∆TLMTD is the logarithmic temperature 

difference, which is expressed as  

 
( ) ( )wall A wall D

LMTD
wall A

wall D

T T T T
T

T Tln
T T

Δ
− − −

=
 −
 − 

 (69) 

Eq. (68) provides the calculation for the uncorrected measured heat transfer coefficient.  The 

subsequent section discusses how the measured heat transfer coefficients are corrected in order 

to account for the Joule Thomson effect and fin effect.  As an example, Figure 52 shows the heat 

transfer coefficient measured for hydrocarbon mixture 45% CH4, 35% C2H6, 20% C3H8 at P=270 

kPa, Q "
⋅

=56 kW/m2, G = 144 kg/m2-s, and ID = 1.5 mm. 

 

Figure 52. Uncorrected measured heat transfer coefficient hydrocarbon mixture 45% CH4, 35% C2H6, 20% C3H8 at 

P=270 kPa, Q"
⋅

=56 kW/m2, G = 144 kg/m2-s, and ID = 1.5 mm 
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2.6.1.2. Corrected Heat Transfer Coefficient 

Correction by Joule-Thomson effect 

The temperature sensors that measure the test section approach (A) and departure (D) 

temperatures are submerged in the circulating mixture.  These temperature sensors are located 

some distance (greater than 10 inner diameters) from the actual inlet and outlet of the test section 

in order to avoid perturbations in the flow entering the test section.  In some test conditions, the 

flow experiences a Joule-Thomson effect 
h

T
P

∂ 
 ∂ 

 so that the actual inlet temperature (B) may 

differ from the measured inlet temperature (A).  A similar phenomenon is expected to occur in 

the outlet between C and D.  The calculated heat transfer coefficient could be affected by this 

temperature change as it will impact the log-mean temperature difference.  As shown in Figure 

53, there is a quasi-adiabatic section between points A and B, and C and D.    

 

Figure 53. Schematic of instrumentation location on test section 
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Consequently, the temperatures in the actual inlet and outlet of the test section can be estimated 

with Eqs. (70) and (71), respectively. 

 in
B A in test

h P

LTT T P P
P LΔ

Δ Δ
 ∂ = − +  ∂   

 (70) 

 out
C D out test

h P

LTT T P P
P LΔ

Δ Δ
 ∂ = + +  ∂   

 (71) 

The new logarithmic temperature difference (∆TLMTD,JT), which is obtained using the actual 

inlet and outlet temperature of the test section (TB and TC) is expressed in Eq. (72).  

 
( ) ( )wall B wall C

LMTD,JT
wall B

wall C

T T T T
T

T Tln
T T

Δ
− − −

=
 −
 − 

 (72) 

and the heat transfer coefficient (htcJT) corrected for the Joule-Thomson effect but still assuming 

an isothermal wall tube, is given by Eq. (73). 

 fluid
JT

LMTD,JT

Q
htc

Area TΔ

⋅

=  (73) 

As an example, Figure 54 shows the heat transfer coefficient measured and corrected by Joule-

Thomson effect for hydrocarbon mixture 45% CH4, 35% C2H6, 20% C3H8 at P=270 kPa, Q "
⋅

=56 kW/m2, G = 144 kg/m2-s, and ID = 1.5 mm. 
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Figure 54. Heat transfer coefficient measured and corrected by Joule Thomson effect hydrocarbon mixture 45% 

CH4, 35% C2H6, 20% C3H8 at P=270 kPa, Q"
⋅

=56 kW/m2, G = 144 kg/m2-s, and ID = 1.5 mm 

Correction by fin effect 

During the validation of the test facility, which was performed with pure nitrogen, very good 

agreement of the trend of the experimental data with the trend predicted by well-known single-

phase correlations was observed.  However, the heat transfer coefficient that was measured was 

substantially higher than the value predicted by the correlations.  The explanation for this 

difference is a phenomenon that is referred to as the “fin effect”.    The fin effect means that the 

assumption that the heat transfer between the test section and the fluid only occurs where the 

copper block is located is no longer applicable.  A fraction of the heat applied is conducted 

axially through the stainless steel tube and transferred from there to the fluid.  This effect is 

schematically shown in Figure 55. 
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Figure 56. Schematic of geometry and boundary condition for the fin problem 

The heat transferred ( fluid ,cQ
⋅

) to the fluid only in the test section can be estimated by recognizing 

that 

 fluid fluid ,c fin,in fin,outQ Q Q Q
⋅ ⋅ ⋅ ⋅

= + +  (76) 

and the corrected heat transfer coefficient (htcc) is given by Eq. (77)  

 fluid ,c
c JT fin

LMTD,JT

Q
htc htc

Area TΔ

⋅

+= =  (77) 

The corrected heat transfer coefficient (htcc) is determined by simultaneously solving Eqs. (74)-

(77).  As an example, Figure 57 shows the heat transfer coefficient measured and corrected by 

Joule-Thomson effect and fin effect for hydrocarbon mixture 45% CH4, 35% C2H6, 20% C3H8 at 

P=270 kPa, Q "
⋅

=56 kW/m2, G = 144 kg/m2-s, and ID = 1.5 mm. 
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Figure 57. Heat transfer coefficient measured and corrected by Joule Thomson effect and by fin effect, hydrocarbon 

mixture 45% CH4, 35% C2H6, 20% C3H8 at P=270 kPa, Q"
⋅

=56 kW/m2, G = 144 kg/m2-s, and ID = 1.5 mm 

 

An effective method to reduce the fin effect is to reduce the cross sectional area of the 

stainless steel tube.  In our case, the test section was replaced by installing a thin stainless steel 

tube.  The dimensions of the actual 1.5 mm test section and the old one are shown in Table 8.   
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Table 8. Dimensions of actual 1.5 mm test section and the old one 

Parameter Actual Old unit instrument 

Inner diameter SS304 tube (ID) 1.527±0.003 1.515±0.003 mm microscope 

Outer diameter SS304 tube (OD) 1.821±0.003 3.180±0.003 mm micrometer 

Wall thickness SS304 tube (th) 0.147* 0.833* mm microscope 

Rrms (roughness) 0.860±0.010 2.560±0.010 µm Zygo 

Rrms/ID 0.0006* 0.0017*   

Length copper block (L) 52.50±0.01 50.00±0.01 mm caliper 

Outer diameter copper block 19.05±0.01 19.05±0.01 mm caliper 

PRTs location 9.03±0.01 9.03±0.01 mm caliper 

L∆P 125.80±0.01 91.30±0.01 mm caliper 

Pressure tap diameter 0.63±0.01 0.63±0.01 mm caliper 

Length tap – inlet (Lin) 33.00±0.01 20.10±0.01 mm caliper 

Length outlet – tap (Lout) 40.30±0.01 21.20±0.01 mm caliper 

*calculated     

 

As an example, Figure 58 shows the heat transfer coefficient measured and corrected by Joule 

Thomson effect and fin effect using the new test section for hydrocarbon mixture 45% CH4, 35% 

C2H6, 20% C3H8 at P=270 kPa, Q "
⋅

=56 kW/m2, G = 240 kg/m2-s, and ID = 1.5 mm. 
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Figure 58. Heat transfer coefficient measured and corrected by Joule Thomson effect and by fin effect hydrocarbon 

mixture 45% CH4, 35% C2H6, 20% C3H8 at P=270 kPa, Q"
⋅

=56 kW/m2, G = 240 kg/m2-s, and ID = 1.5 mm 
 

It is clear that the fin effect is substantially reduced.  Also, the Joule-Thomson effect is 

minimized because the design of the test section was improved to reduce pressure drop.  

2.6.2. Pressure Drop 

The measured two-phase pressure drop (∆Ptest) is formed by the addition of four components:  

friction (∆Pfriction), static (∆Pstatic), momentum (∆Pmomentum), and form (∆Pform) contributions.  Eq. 

(78) shows the measured two-phase pressure drop definition. 

 test friction static momentum formP P P P PΔ Δ Δ Δ Δ= + + +  (78) 

In the actual configuration, ∆Ptest is measured in a horizontal test section where there is no 

change in static pressure (∆Pstatic = 0).  The form term (∆Pform) is related to the pressure losses 
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due to flow perturbations created by the presence of the inlet and outlet pressure taps.  The two-

phase pressure drop may be measured under adiabatic and diabatic conditions.  When pressure 

drop and heat transfer coefficients are measured simultaneously, heat is applied at the test section 

which changes the kinetic energy of the fluid between the inlet and the outlet pressure taps.  The 

kinetic energy effect in the pressure drop is quantified by the momentum pressure drop term 

(∆Pmomentum).  The experimental pressure drop for this diabatic measurement is given by Eq. (79). 

 test friction momentum formP P P PΔ Δ Δ Δ= + +  (79) 

In the present study, ∆Pmomentum is calculated using Eq. (80). 

 
( )

( )
( )

( )

2 22 2
2 1 1

1 1momentum
l v l vout in

x xx xP GΔ
ρ α ρ α ρ α ρ α

    − −
 = + − +   
   − −     

 (80) 

where G is mass flux, x is quality, ρl and ρv are the liquid and vapor density, respectively, and α 

is void fraction.  The void fraction is estimated using the drift flux model for horizontal tubes of 

Rouhani and Axelsson [31] in Eq. (81): 

 ( )( ) ( ) ( )( )
10 25

0 5

1 18 111 0 12 1
.

l v
.

v v l l

. x gx x x. x
G

σ ρ ρ
α

ρ ρ ρ ρ

−
 − − − = + − + + 
   

 (81) 

When ∆Ptest is measured under adiabatic conditions, the measured term is composed only of a 

friction term and form term (Eq. (82)) because ∆Pmomentum = 0.   

 test friction formP P PΔ Δ Δ= +  (82) 
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2.7. Uncertainty Analysis 

The uncertainty of a measurement (uc) is calculated as the combination of systematic and 

random errors [32]. 

 2 2 2 2
c p i DAQ biasu u u u u= + + +  (83) 

The systematic errors determine the accuracy of the measurement and are obtained by the 

analysis of calibration methodology, manufacturer’s specified accuracy, and the resolution of 

each instrument (ui) as well as the DAQ system (uDAQ).  The random errors (up) quantify the 

precision of the measurement and are determined by the standard deviation of 120 data points (1 

record per second) under steady state conditions.  The summary of the instrument uncertainties 

installed in the test facility are shown in Table 9. 

Table 9. The summary of the instruments uncertainties installed on the test facility 

Instrument Manufacturer Model ui uDAQ
6 

Coriolis mass flowmeter Endress 
Hauser 83A02 

0.56% o.r. 1,a 0.0018 
g/s 

 
0.0015 g/s 1,b  

Test section heat load       

heater voltage 
  0.0025 V 2,c 0.0275 V c 

  0.0073 V 2,d 0.0794 V d 

heater current   0.0011 A 2 0.0010 A  
PRTs Lakeshore  0.25 K 2 0.26 K  
Pressure Setra 204 0.28 psi 3 0.25 psi  
Differential pressure Setra 204D 0.06 psi 3 0.03 psi  
 Omega MMDDU030V5P3D0T3A5CE 0.02 psi 4 0.02 psi  
Gas chromatograph TCD HP 5890 II  4% o.r. 5 N/A  

 

 o.r.: of reading 1 [33] a Mass flowrate >= 0.278 g/s 
 N/A No applied 2 Calibrated in situ b Mass flowrate < 0.278 g/s 
   3 [34], [35] c ID = 0.5 & 1.5 mm 
   4 [36] d ID = 3.0 mm 
   5 [37]   
   6 [38]   



84 
 

The uncertainty related to a bias error (ubias) is neglected in this arrangement.  In the actual 

configuration, there are two phenomena that can produce a bias error: self-heating of PRTs and 

heat leak due to axial conduction through the PRTs wires.  The self-heating is the generation of 

heat due to the excitation.  The self-heating in the PRTs was tested by providing 0.3, 1.0, and 3.0 

Amp as excitation during the calibration.  A measurably different reading was not observed for 

any of these conditions.  The heat leak due to conduction is controlled by wrapping the PRT 

wires in the support wire that is submerged in the flow.  In addition, the PRTs leads are wrapped 

on the cryocooler to minimize the heat leak. 

Once the combined uncertainty (uc) for each measurement is known, the uncertainty 

propagation feature provided by EES [39] is used to determine the uncertainty of the heat 

transfer coefficient, average temperature, pressure drop, and heat absorbed by the fluid.  As an 

example, Eq. (84) shows that the heat transfer coefficient is a function of the heat applied to the 

test section ( appliedQ
⋅

), inlet (T1 and T2), outlet (T3 and T4) and block temperature (T5 and T6), 

mixture composition (z), inlet pressure (Pin) and the pressure drop between A and B (∆Pin), B 

and C (∆Ptest), C and D (∆Pout), and test section dimensions. 

 [ ]1 2 3 4 5 6 1fluid ,c
c in in test outapplied

LMTD,JT

Q
htc f Q ,T ,T ,T ,T ,T ,T ,z ,n ,P , P , P , P ,ID,L

Area T
Δ Δ Δ

Δ

⋅
⋅ = =  

 
 (84) 

Consequently, the uncertainty in the measurement of heat transfer coefficient ( chtcδ ) is given 

by: 
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2
2 2 2

1 2
1 2

c c c c
c applied

applied

htc htc htc htchtc Q T T ...... ID
T T IDQ

δ δ δ δ δ
⋅

⋅

     ∂ ∂ ∂ ∂  = + + + +       ∂ ∂ ∂      ∂ 

 (85) 

Table 10 shows the results of the uncertainty analysis for one data point of heat transfer 

coefficient measured for the hydrocarbon mixture (45% CH4, 35% C2H6 and 20% C3H8 by 

volume) in a horizontal test section with an inner diameter of 1.5 mm at the conditions of 56 

W/m2 heat flux, 240 kg/m2-s mass flux, and an inlet pressure of 270 kPa.  The measurements of 

block temperature (T5 and T6) have the greatest uncertainty contribution to the measured heat 

transfer coefficient.  Also, the outlet (T3 and T4) and inlet (T1 and T2) temperatures are also very 

important as evidenced by their respective % contributions to the uncertainty.   

Table 10. Results of the uncertainty analysis for one data point 

htc = 6924 ± 285 W/m2-K 

Measurement* Value uc 
Contribution 

% 
T1 179.1 K 0.4 K 5.7 % 
T2 179.1 K 0.4 K 5.7 % 
T3 182.1 K 0.4 K 11.0 % 
T4 182.1 K 0.4 K 11.0 % 
T5 189.3 K 0.4 K 32.3 % 
T6 189.9 K 0.4 K 32.6 % 
∆Pin 1.12 psi 0.07 psi 0.1 % 
∆Pout 1.44 psi 0.16 psi 1.2 % 
Qapplied 14.29 W 0.03 W 0.4 % 
*measurements shown with contribution greater than 0.1% 
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2.8. Validation 

2.8.1. Heat Losses 

The heat loss estimation is verified by applying a known heat input to the flow of a known 

mass flow rate of pure nitrogen while pressure and temperature are measured.  Figure 59 

compares the energy absorbed by the fluid using two methods.   

 
Figure 59. Heat absorbed by single-phase pure nitrogen calculated by heat applied less losses vs enthalpy difference 

First, the heat absorbed by the fluid is estimated after removing the heat losses due to radiation 

and conduction from the heat applied to the test section as shown in Eqs. (61) and (76) (axis y in 

Figure 59).  The second method calculates the heat absorbed by the fluid as the enthalpy 

difference between the inlet and the outlet of the nitrogen in the test section using measured fluid 

temperature and pressure (axis x in Figure 59).  Eq. (86) shows the heat absorbed by the fluid 

calculated according to the enthalpy difference: 
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 ( )out influidQ m h h
⋅ ⋅

= −  (86) 

Agreement within 10% is observed between both methods. 

2.8.2. Heat Transfer Coefficient 

2.8.2.1. Single Pure Fluid 

Figure 60 shows the result of a validation of the test facility that is performed by measuring 

the heat transfer coefficient of single-phase pure nitrogen and comparing the results with the 

corresponding local heat transfer coefficient predicted by a well-known single-phase correlation 

as Gnielinski [40].  Agreement within 10% is observed between the measured and the predicted 

data for pure nitrogen. 

 
Figure 60. Measured and predicted heat transfer coefficient single-phase pure nitrogen 
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2.8.2.2. Repeatability 

A test condition could be achieved by either warming up or cooling down the system.  It is 

expected that similar results should be obtained independent of the direction used to carry out the 

test.  Figure 61 shows two set of heat transfer coefficient data measured at the same test 

condition (composition, G, P, Q"
⋅

 and diameter).  One of the data set (circles) is measured 

during cooling of the system, and the other data set (squares) is obtained while warming the 

system.  No significant difference is observed between the two sets of heat transfer coefficient 

data, to within the estimated uncertainty of the measurements.  Consequently, heat transfer 

coefficient measurements show good repeatability. 

 
Figure 61. Measured heat transfer coefficient for CH4/C2H6/C3H8 mixture (45%/35%/20% by volume) with P = 

420 kPa, Q” = 32 kW/m2, ID = 1.5 mm and G = 240 kg/m2-s during cooling and warming of the system 
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2.8.2.3. Isothermal wall assumption 

A numerical model of the thermal behavior of the test section is formulated to evaluate the 

effect of assuming an isothermal wall tube in the calculation of the heat transfer coefficient.  A 

finite element method in cylindrical coordinates is used to develop the numerical model, which is 

shown in Appendix A.  A good agreement is obtained when the heat transfer coefficient 

assuming constant wall tube is compared with the results of the numerical model; consequently, 

the assumption of a constant wall temperature allows a determination of the heat transfer 

coefficient for gas mixtures in a precise manner.    The isothermal wall tube and numerical heat 

transfer coefficient as a function of the average temperature are shown in Figure 62. 

 

Figure 62. Heat transfer coefficient (numerical) as a function of the average temperature (Run 4). 

100 120 140 160 180 200 220 240
0

2000

4000

6000

8000

10000

Tavg  [K]

ht
c 

[W
/m

2 -K
]

htc (constant wall temperature)htc (constant wall temperature)htc (numeric)htc (numeric)



90 
 

2.8.3. Pressure drop 

2.8.3.1. Form Term 

The pressure drop of single-phase pure nitrogen is measured in the test section under adiabatic 

conditions.  The measured pressure drop is given by Eq. (87), which sums the contribution of the 

friction and form components: 

 
2 2

2 2
P

test friction form cal
L G GP P P f K
ID

ΔΔ Δ Δ
ρ ρ

= + = +  (87) 

The friction pressure drop is a function of the friction factor (f), which can be calculated using 

the Zigrang and Sylvester [41] correlation: 

 
2

5 02 132
3 7 3 7

relrough . relroughf log log
. Re . Re

−
   = − − +      

 (88) 

L∆P is the distance between the pressure taps, RRMS is the RMS roughness of the stainless steel 

tube.  These parameters are shown in Table 4.  Re is the Reynolds number.   
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Figure 63. Pressure drop measured and predicted for single-phase pure nitrogen (1.5 mm) 

 

The form coefficient (Kcal) is obtained adjusting the measured and calculated pressure drop for 

single-phase pure nitrogen.  The measurements show that Kcal = 1.25 for the 0.5 mm test section 

and Kcal = 1.15 for the 1,5 mm test section.  Figure 63 shows the predicted pressure drop as a 

function of the measured pressure drop using the adjusted parameter (Kcal) for the 1.5 mm test 

section. 
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2.8.3.2. Acceleration Term 

 

Figure 64. Pressure drop measured under diabatic (HC-4) and adiabatic (HC-3) conditions 

The pressure drop is measured for a gas mixture without the application of any heat to the test 

section (adiabatic), mixture HC-3 according to Table 23.  The test is repeated, but now heat is 

applied and the other test conditions (composition, G, P and diameter) are maintained, referred 

as mixture HC-4 in Table 23.  The pressure drop by friction predicted using Eqs. (79) and (82) 

are compared in Figure 64.  The momentum pressure drop seems to be estimated reasonably well 

using the Rouhani-Axelsson [31] void fraction model.  Most of the measured points agree to 

within ±10%.  Also, this test shows repeatability on the measurement of friction pressure drop. 

Figure 65 shows the same data as a function of average.  The most important difference is 

observed between 165 and 180 K, corresponding to the range of 10 and 30% of thermodynamic 
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quality where the difference between the corrected diabatic experimental data exceeds 25% with 

respect the adiabatic data.   

 

Figure 65. Diabatic (HC-4) vs adiabatic (HC-3) frictional pressure drop as a function of average temperature 
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the superheated region (i.e., single phase vapor) for all of the mixtures and conditions tested.  
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Zigrang and Sylvester [41] friction factor relation (Eq. (88)) using the flow properties 
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Figure 66. Measured vs predicted frictional pressure drop superheating vapor region (single phase) 
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3. MIXTURES CHARACTERIZATION AND PROPERTIES 

3.1. Mixtures 

The refrigerants of interest in this study are zeotropic mixtures that experience a temperature 

change in the two-phase region when the evaporating pressure is kept constant.  The temperature 

difference between the bubble and the dew points is known as the temperature glide.  Two-phase 

condition is maintained over a temperature range or glide of more than 80 K.  The evaporating 

pressure considered corresponds to bubble and dew point temperatures located on the range from 

100 K to room temperature.   

All of the refrigerants analyzed are multicomponent mixtures, consisting of two, three, four, 

and five components.  The components and composition of the mixtures tested in the present 

study have been chosen for their applicability to Joule-Thomson refrigeration systems used in 

cryoprobe applications where cooling power is required in the range of 150 to 200 K.  

Specifically, the components in the mixture were selected based on their saturation temperatures 

because of the temperature glide they exhibit in the desired region.  To enable optimizing the 

overall cycle efficiency, the selected compositions must have a temperature glide between room 

temperature and the temperature at which cooling power is needed.  The net result is that two-

phase flow will exist on both sides of the regenerative heat exchanger in order to increase the 

regenerative heat exchanger effectiveness and the efficiency of the refrigeration cycle.   

Five different zeotropic mixtures have been tested.  Hydrocarbon mixtures have shown good 

performance when they are used in Joule-Thomson refrigeration systems.  Three specific 

zeotropic mixtures formed by hydrocarbons have been tested.  The first is a “binary” mixture 

with a molar composition of 40% methane and 60% ethane.  No dilution is attempted for the 
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binary mixture.  The second is a ternary hydrocarbon mixture composed of methane, ethane, and 

propane with mole fractions of 45%, 35%, and 20%, respectively.  Finally, a quaternary mixture 

is formed when the hydrocarbon mixture is diluted (in-situ) using nitrogen (20% and 40%).   

Although there are some experience using hydrocarbon refrigerants as working fluids in 

refrigeration equipment in Europe, this class of refrigerants (in a pure component or as a 

mixture) have received limited approval in the U.S. through the Environmental Protection 

Agency, Significant New Alternatives Policy [42].  As a result, we also considered synthetic 

refrigerant mixtures to be relevant for Joule-Thomson refrigeration systems that intended for use 

in the U.S.  The mixtures include R-14, R-23, R-32, and R-134a with molar composition of 35%, 

15%, 15%, and 35%, respectively.  In addition, a five component mixture is formed when 

dilutions with argon are performed.  Diluted synthetic mixtures are formed, in situ, by adding 

20% and 40% of argon to the synthetic refrigerant mixture. 

3.2. Thermodynamic and Transport properties 

During the measurement of the heat transfer coefficient and the frictional pressure drop of the 

tested zeotropic mixtures, the actual composition of the mixture is periodically quantitated using 

a gas chromatograph.  Knowing the temperature, pressure, and composition fixes the state and 

makes it possible to determine all of the thermodynamic and transport properties for the mixture, 

including the vapor-liquid fraction (quality).  Also, the equilibrium compositions of the vapor 

and liquid can be determined.  REFPROP [25] is used as a tool to calculate these properties. 

It is important to note that in the case of the synthetic refrigerant mixture, REFPROP does not 

provide mixing parameters for all of the binary pairs that participate in the mixture; 

consequently, the estimation of properties may be less accurate than it is for hydrocarbon 
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mixtures.  For the synthetic refrigerant mixture formed by R-14, R-23, R-32 and R-134a, there 

are mixing data for only three of the six binary pairs involved.  When the synthetic refrigerant 

mixture is diluted with argon, the estimation of properties may be even less accurate because 

there are no mixing parameters available for any binary pair involving argon and any of the 

components of the synthetic refrigerant mixture.  Also, the available thermodynamic data for the 

synthetic refrigerant mixture suggests that boiling is experienced at constant temperature at low 

thermodynamic qualities between x=0 and x=0.3; therefore, no data is reported in this range of 

quality for synthetic mixtures. 

Table 11 shows the average properties of the liquid and vapor for the hydrocarbon and 

synthetic mixtures at the two evaporating pressure tested.   

Table 11. Average values for thermodynamic and transport properties 

 Mixtures  
 Hydrocarbons Synthetic  
 P = 270 kPa 790 kPa 270 kPa 790 kPa  
      
Liquid fraction      
Cp (J/kg-K) 2279 2420 1287 1339 ∝P0.05 
µ (µPa-s) 228.6 156.7 414.3 274.5 ∝P-0.37 
k (W/m-K) 0.1613 0.1413 0.1180 0.1036 ∝P-0.12 
ρ (kg/m3) 580.5 542.8 1390 1305 ∝P-0.06 
      
Vapor fraction      
Cp (J/kg-K) 1901 2045 657.3 743.2 ∝P0.09 
µ (µPa-s) 6.631 7.532 12.15 13.56 ∝P0.11 
k (W/m-K) 0.01641 0.01948 0.01051 0.01278 ∝P0.17 
ρ (kg/m3) 3.725 10.20 12.39 34.40 ∝P0.95 

Liquid viscosity and vapor density seem to be the properties that are more affected because of 

evaporating pressure variations.  The liquid viscosity is reduced as the evaporating pressure 

increases.  Liquid viscosity varies inversely proportional to the 0.4 power of the evaporating 
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pressure.  The variation of the vapor density is more significant as a function of pressure.  The 

vapor density is proportional to the evaporating pressure. 

3.3. Joule-Thomson effect verification 

A verification of the Joule-Thomson effect predicted by REFPROP is performed.  The Joule-

Thomson effect is the variation of temperature as a function of pressure drop in adiabatic 

condition, 
h

T
P

∂ 
 ∂ 

, and it is verified for each base mixture.  Figure 67 shows the schematic of the 

measurement.  

 

Figure 67. Schematic of measurement of Joule Thomson effect 
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Figure 68 to Figure 71 show the comparison between the measured and predicted 
h

T
P

∂ 
 ∂ 

.  The 

prediction was made using REFPROP. 

 
Figure 68. Measured and predicted Joule-Thomson effect as a function of average temperature, hydrocarbon mixture 

45% CH4, 35% C2H6, 20% C3H8 at P=270 kPa 
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Figure 69. Measured and predicted Joule-Thomson effect as a function of average temperature, hydrocarbon mixture 

45% CH4, 35% C2H6, 20% C3H8 at P=790 kPa 

 

 
Figure 70. Measured and predicted Joule-Thomson effect as a function of average temperature, Synthetic refrigerant 

mixture 35% R-14, 15% R-23, 15% R-32 and 35% R-134a at P=270 kPa 
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Figure 71. Measured and predicted Joule-Thomson effect as a function of average temperature, Synthetic refrigerant 

mixture 35% R-14, 15% R-23, 15% R-32 and 35% R-134a at P=790 kPa 
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measurements in the inlet and outlet of the test section using the specific heat or the enthalpies 

lead to the heat absorbed by the fluid definition shown in Eq. (90). 

 ( ) ( )fluid out in out inQ m Cp T T m h h= − = −    (90) 

The heat absorbed by the fluid may be also obtained using the energy balance on the test section.  

The energy balance takes into account the heat load applied minus the heat losses because of 

radiation and conduction. 

 fluid applied radiation condutionQ   Q  – Q   Q= −     (91) 

Figure 72 through to Figure 75 show the heat absorbed by the fluid calculated using an energy 

balance and the enthalpy difference obtained using REFPROP as a function of the average 

temperature.  
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Figure 72. Heat absorbed by the fluid calculated using an energy balance and the enthalpy difference obtained using 
REFPROP as a function of the average temperature, hydrocarbon mixture 45% CH4, 35% C2H6, 20% C3H8 at P=270 

kPa, Q"
⋅

=56 kW/m2, G = 144 kg/m2-s, and ID = 1.5 mm  
 

 
Figure 73. Heat absorbed by the fluid calculated using an energy balance and the enthalpy difference obtained using 
REFPROP as a function of the average temperature, hydrocarbon mixture 45% CH4, 35% C2H6, 20% C3H8 at P=790 

kPa, Q"
⋅

=56 kW/m2, G = 144 kg/m2-s, and ID = 1.5 mm 
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Figure 74. Heat absorbed by the fluid calculated using an energy balance and the enthalpy difference obtained using 

REFPROP as a function of the average temperature, synthetic mixture 35% R-14, 15% R-23, 15% R-32, 35% R-

134a at P=270 kPa, Q"
⋅

=56 kW/m2, G = 144 kg/m2-s, and ID = 1.5 mm 

 
Figure 75. Heat absorbed by the fluid calculated using an energy balance and the enthalpy difference obtained using 

REFPROP as a function of the average temperature, synthetic mixture 35% R-14, 15% R-23, 15% R-32, 35% R-

134a at P=790 kPa, Q"
⋅

=56 kW/m2, G = 144 kg/m2-s, and ID = 1.5 mm 
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In general, both methods show a good agreement.  There are some differences when the 

quality is low approaching to zero and also when it is high close to 1 for the hydrocarbon 

mixtures.  The problem in the edges is more dramatically in the case of synthetic refrigerant 

mixtures.  It is not clear if the observed difference occurs because of a problem with the 

thermodynamic properties or errors in the composition at these boundaries.  

3.5. Tube or channel size 

Experimental data were collected using three separate horizontal test sections having an inner 

diameter of 0.5, 1.5 and 3.0 mm.  Some authors have claimed as the test section dimensions 

impacting the behavior of the flow.  A fluid flowing in a mini-channel that experiences two-

phase conditions may behave differently than if the same fluid flows in a large or conventional 

channel.  As the diameter is reduced, surface tension can become a dominant effect because the 

diameter can approach the bubble size, obstructing the free bubble circulation and changing the 

flow profile.  As Cheng and Mewes [11] described, there is not a consensus regarding the limit 

between conventional and mini-channel flow.  Shah [43] and Mehendale et al. [44] propose a 

diameter of 6 mm as the boundary; on the other hand, Kandlikar [45] suggests the limit is 3 mm.  

Some authors relate the limit to dimensionless numbers such as the Laplace (La), Bond (Bo) and 

Eötvös (Eo) numbers.  Triplett et al. [46] define the limit to be when the Laplace number equals 

unity.  Brauner and Moalem-Maron [47] proposed the limit as a function of the Eötvös number (

( )22Eo  π= ).  Kew and Cornwell [48] also use Eötvös number, but set it equal to 4 ( 4Eo ≤  ).  

The Eötvös number is also known as the Bond (Bo) number and is defined in Eq. (92).  The 

Eötvös number can be related to one over the Laplace number squared. 



106 
 

 
( )2

24
¨

H l vD  g 
E o Bo La

ρ ρ
σ

−−
= = =  (92) 

Figure 76 shows the hydraulic diameter (DH) that defines the boundary between conventional 

channel and mini-channel for the mixtures studied here as a function of average quality 

according to the Triplett et al. [46] definition.  This criterion produces the transition at the 

smaller diameter.  All the other criteria indicate that the mixture tested should behave as a mini-

channel flow in the tested sections.  The Triplett et al. [46] definition suggests that synthetic 

mixtures may behave as a conventional channel in the 1.5 mm test sections and as a mini-

channel in the 0.5 mm test section.   

 

Figure 76. Hydraulic diameter (DH) that limits between conventional channel and mini-channel according to Triplett 
et al.[46] as a function of average quality for the tested mixtures 
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The hydrocarbon mixture might experience the transition between the 3.0 and the 1.5 mm test 

sections.  Also, it is observed that according to Triplett et al. [46] definition, the limit seems to be 

a function of the thermodynamic quality decaying as the quality increases. 
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4. TEST PROCEDURE AND SAMPLE RESULTS 

4.1. Test procedure 

A detail procedure about how the test facility is operated is presented by Schwartz [49].  The 

test facility shown in Figure 1 is charged with the desired gas mixture.  The test pressure and 

flow are controlled by manipulating the arrangement of throttle valves, pressure regulator, and a 

bypass loop setting the required mass flux (G), evaporating pressure at the inlet of the test 

section.  The measurements can be made during either cooling or warming the system.  If the test 

is performed cooling the system, the cryocooler starts and high power is applied through the 

cartridge heaters (i.e., trim heaters) to slowly reduce the temperature of the gas mixture that is 

supplies to the test section.  The set heat flux (Q"
⋅

) is applied to the test section.  Measurements 

of the heat transfer coefficient and pressure drop are carried out with a constant mass flux (G), 

pressure, and heat flux (Q"
⋅

 ), and initial charged composition.   

An individual test starts at a temperature that is 10 K above the dew temperature of the 

mixture.  Figure 77 shows the inlet, outlet and wall temperature during the test where the system 

is slowly cooled.  The mixture is in a superheated vapor state throughout the entire system.  The 

power applied to the trim heaters is then gradually reduced causing the measured inlet 

temperature (TA) of the test section to slowly decrease.  The rate of temperature change is 

controlled in order to maintain a quasi-steady state condition in the test section for all 

measurements.  Steady state is defined as a condition where the rate of change in the internal 

energy associated with the heat capacity of the test section is less than 2% of the heat applied to 

the test section (eq. (93)): 



109 
 

 2
copper copper

applied

Tm c
t %

Q
⋅

∂
∂ ≤  (93) 

As the test progresses, the system is cooled, and the fluid reaches the two-phase zone.  As the 

thermodynamic quality of the mixture decreases and approaches to the liquid region, the pressure 

of system within the experimental test facility tends to decrease because of the lower specific 

volume.  A make-up tank, which is initially filled with the same mixture used to charge the 

experimental facility, is used to maintain the system pressure constant throughout the test.  The 

test is completed when subcooled liquid is present in both sides of the test section.  In general, a 

test condition experiences temperatures between 150 K and room temperature.   

 

Figure 77. Typical temperatures profile as a function of time for a zeotropic gas mixture during test 
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The mixture composition is defined, initially, by the charge composition at room temperature.  

The circulating mixture composition is continuously monitored using a gas chromatograph 

equipped with a thermal conductivity detector by sampling the gas mixture at room temperature 

from either the low or the high pressure sides of the system.  As the mixture reaches the two-

phase region, some of the components of the mixture will preferentially condense, changing the 

circulating mixture composition, as shown in Figure 78.  The composition of the mixture is 

measured at least every 20 K of variation the inlet temperature.   

 

Figure 78. Mixture composition as a function of average temperature in the test section 
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4.2. Sample Results 

Samples of the heat transfer coefficient and pressure drop results that can be obtained using 

the experimental facility described in this study are presented in Figure 79 and Figure 80, 

respectively.  A mixture composed by methane, ethane and propane (45%, 35% and 20% by 

volume) was tested.  In a horizontal test section with a diameter of 1.5 mm, pressure (270 kPa), 

heat flux (56 kW/m2) and mass flux (240 kg/m2-s) were kept constant.  The temperature glide for 

the mixture that tested is between 135 and 222 K.  The error bars show an uncertainty around 5% 

for the condition shown in Figure 79 for the heat transfer coefficient.  The frictional pressure 

drop uncertainty decreases as the average temperature and quality increase.  The uncertainty in 

the pressure drop is around 10% for most of the data.   

 
Figure 79. Heat transfer coefficient as a function of average temperature for CH4/C2H6/C3H8 mixture 

(45%/35%/20% by volume) with P = 270 kPa, Q” = 56 kW/m2 and G = 240 kg/m2-s. 
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Figure 80. Friction pressure drop as a function of average temperature for CH4/C2H6/C3H8 mixture 

(45%/35%/20% by volume) with P = 270 kPa, Q” = 56 kW/m2 and G = 240 kg/m2-s. 
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5. HEAT TRANSFER COEFFICIENTS 

5.1. Literature review 

One of the constraints that limits designers from evaluating the effects of the heat transfer 

processes on cycle performance as part of an optimization process is the lack of heat transfer data 

as well as models that can reliably predict heat transfer coefficients in small diameter horizontal 

tubes where multi-component, multi-phase, non-adiabatic zeotropic mixtures with very large 

temperature glides are operating at cryogenic temperatures.  Nellis et al. [30] provides data for 

the local heat transfer coefficient during boiling of nitrogen-hydrocarbon gas mixtures over a 

range of composition, temperatures, mass fluxes, and pressures.  According to their results, the 

heat transfer coefficient for mixtures under single-phase conditions is well predicted by standard 

correlations for single-phase flow as Dittus-Boelter.  Also, they observe a minimal effect on the 

heat transfer coefficient due to composition and pressure, and a substantial effect related to the 

mass flux.  Other authors such as Boiarski et al. [17], Gong et al [50], and Ardhapurkar et al. [51] 

have reported measurements of the overall heat transfer coefficient for a heat exchanger 

operating with mixtures at cryogenic temperatures.  However, these data have limited utility 

because the overall heat transfer coefficient data cannot be extrapolated to other systems with 

system geometries differing from those which the data were obtained.   

No other studies were found that provide experimental data for heat transfer coefficients with 

the number of components and the range of temperatures provided in this research.  There are 

some studies that provide limited data for ternary mixtures, e.g., Zhang et al. [52], but the 

temperature glide of the studied mixtures are less than 10 K.  In general, the existing empirical 

data are focused on measurements of the heat transfer coefficient for boiling of binary mixtures 
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operating at near room temperature conditions with small temperature glides.  Even though these 

data are not directly related to the present study, the heat transfer coefficient data obtained for 

binary mixtures are relevant because they provide an understanding of the heat transfer behavior 

of two-phase mixtures.  Several studies in binary mixtures have shown that mixture behave 

differently than pure fluids while they undergo a phase change.  Stephan [53] indicates that heat 

transfer coefficients for mixtures can be lower than those of pure fluids at the same flow 

conditions.  The deterioration of the heat transfer coefficients is explained because the difference 

in composition of the liquid and vapor causes mass transfer that inhibits heat transfer [54].  The 

experimental work performed by Jung et al. [13] suggests a suppression of nucleate boiling for 

pure and mixed refrigerants; measured heat transfer coefficients for mixtures in this region are as 

much as 36% lower than the pure fluid values under the same flow condition.  Sardesai et al. [55] 

explained that the mixture affects nucleate boiling because diffusion of constituents adds a 

thermal resistance; thereby, degrading the heat transfer coefficient.  This degradation effect is 

substantially reduced in the convection-dominated region.  Another reason for the variation in 

heat transfer coefficients of mixtures is due to the nonlinear and strong variation in 

thermodynamic and transport properties with composition and temperature.  Shin et al. [56] 

concluded that heat transfer coefficients depend strongly on heat flux in the low quality region 

and become independent of heat flux as quality increases.  The pool boiling heat transfer 

coefficient in the binary mixture of ammonia/water was studied by Inoue [57].  Inoue states that 

known heat transfer coefficient models are not capable of accurately predicting his experimental 

data.  Also, Inoue shows that the heat transfer coefficients in ammonia/water mixtures become 

dramatically smaller than those expected for either of the pure component. 
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The boiling process that occurs as a fluid flows through a horizontal tube is complicated, even 

for a pure fluid.  Steiner and Taborek [58] claims that different flow regimes drive different heat 

transfer coefficients during boiling.  Collier and Thome [59] describe a typical flow boiling 

process in a horizontal tube, including the flow regimes that the fluid experiences during 

evaporation.  As sub-cooled liquid flows through a tube while heat is applied at the tube wall, the 

liquid is heated and its temperature increases until it reaches its saturation temperature condition 

(x=0).  As evaporation proceeds, the flow may experience different regimes or patterns including 

bubbly flow, plug flow, slug flow, stratified-wavy flow, annular flow and partial dry out before 

reaching a saturated vapor state (x=1).  There are two phenomena that may drive boiling: 

nucleate and convective boiling.  Nucleate boiling occurs at the wall-liquid interphase and, in 

general, it is the phenomenon that dominates at low qualities.  The vapor bubbles produced by 

nucleation tend to accumulate in the center of the tube, occupying a significant proportion of the 

cross sectional area of the due to the large specific volume of the vapor even at low quality.  This 

situation increases the liquid velocity and forces to the liquid to flow near the walls (annular 

flow) forming a thin layer which continues to evaporate due to nucleation.  At the liquid vapor 

interface, the convective boiling process carries out the evaporation, and dominates the boiling 

process at higher qualities.  When the quality is high, the liquid film may dry out at the top of the 

tube due to gravity force.  Also, as the liquid film thins, it is eventually unable to wet the entire 

perimeter.  When the tube diameter is reduced below 3 mm, some different behaviors are 

expected.  First, the literature calls tubes with diameters between 0.2 and 3.0 mm minichannels 

[45].  In minichannels, the effect of surface tension is more relevant, affecting the flow regimes.  

According to Kandlikar [45], the dominant flow patterns in small channels are isolated bubbles, 
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confined bubbles, and annular-slug.  Consequently, the size of tubes is another relevant 

parameter to study. 

The boiling heat transfer coefficient for a pure fluid depends on the mass flux, heat flux, 

thermodynamic quality, fluid properties, flow pattern, tube size, geometry and inclination.  In the 

case of zeotropic mixtures, the heat transfer coefficients may also be influenced by the 

concentrations between the liquid and vapor fractions.   

5.2. Test conditions 

The first mixture is a hydrocarbon mixture composed of methane, ethane, and propane with a 

molar fraction of 45%, 35%, and 20%, respectively.  The hydrocarbon mixture was premixed by 

a supplier.  Table 12 shows the test conditions selected for the hydrocarbon mixtures.  The test 

conditions are defined to study the effects of the change of mass flux (G), heat flux (Q"
⋅

), 

pressure (P), diameter (ID) and composition on the heat transfer coefficient.  For example, the 

effect of mass flux is examined by measuring the heat transfer coefficients for two different mass 

fluxes with all of the other test conditions maintained constant.  The effect of changing the 

composition is tested by diluting the hydrocarbon mixture with in-situ dilution using nitrogen 

(20% and 40%).  The observed temperature glide of the hydrocarbon mixture is approximately 

85 K and 130 K for the mixtures with dilutions. 
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Table 12. Hydrocarbon mixture, composition and test conditions 

Run Mixture Composition P G "Q  ID Tbubble Tdew 

  (by volume) kPa kg/s-m2 kW/m2 mm K K 
1 CH4/C2H6/C3H8 0.45/0.35/0.20 787±3 143±12 56.5±1.4 0.5 160 246
2 CH4/C2H6/C3H8 0.45/0.35/0.20 787±3 155±12 86.4±1.7 0.5 160 246
3 CH4/C2H6/C3H8/N2 0.36/0.28/0.16/0.20 788±3 145±12 56.6±1.4 0.5 105 240
4 CH4/C2H6/C3H8/N2 0.27/0.21/0.12/0.40 786±3 145±12 56.6±1.4 0.5 103 232
5 CH4/C2H6/C3H8 0.45/0.35/0.20 270±3 139±1 59.8±0.2 1.5* 135 221
6 CH4/C2H6/C3H8 0.45/0.35/0.20 269±3 138±1 89.6±0.3 1.5* 135 221
7 CH4/C2H6/C3H8 0.45/0.35/0.20 269±3 144±1 57.0±0.2 1.5 135 221
8 CH4/C2H6/C3H8 0.45/0.35/0.20 265±3 239±2 56.7±0.2 1.5 135 221
9 CH4/C2H6/C3H8 0.45/0.35/0.20 785±3 143±1 57.0±0.2 1.5 160 246
10 CH4/C2H6/C3H8/N2 0.36/0.28/0.16/0.20 787±3 143±1 56.5±0.2 1.5 105 240
11 CH4/C2H6/C3H8/N2 0.27/0.21/0.12/0.40 786±3 144±1 56.8±0.2 1.5 103 232
12 CH4/C2H6/C3H8 0.45/0.35/0.20 791±3 147±1 40.0±0.1 3.0 160 246
13 CH4/C2H6/C3H8 0.45/0.35/0.20 790±3 146±1 55.7±0.1 3.0 160 246
14 CH4/C2H6/C3H8/N2 0.36/0.28/0.16/0.20 791±3 147±1 57.7±0.1 3.0 105 240
15 CH4/C2H6/C3H8/N2 0.27/0.21/0.12/0.40 790±3 147±1 57.5±0.1 3.0 103 232
*Old test section, dimensions are shown in  
Table 8 

 

The second mixture measured included components of R-14, R-23, R-32, and R-134a.  This 

mixture is referred to as the “synthetic refrigerant mixture.”   The molar composition was 35%, 

15%, 15%, and 35% for R-14, R-23, R-32, and R-134a, respectively.  The synthetic refrigerant 

mixture is prepared in situ.  The dilution for testing the change of composition is made in situ by 

adding 20% and 40% of argon on the synthetic refrigerant mixture.  The temperature glides of 

the synthetic mixture range from 89 K for no dilution to 116 K for 20% dilution and 132 K for 

40% dilution.  Table 13 shows the test conditions selected for the synthetic refrigerant mixture. 
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Table 13. Synthetic refrigerant mixture, composition and test conditions. 

Run Mixture Composition P G "Q  ID Tbubble Tdew 

  (by volume) kPa kg/s-m2 kW/m2 mm K K 
16 R-14/R-23/R-32/R-134a 0.35/0.15/0.15/0.35 789±3 145±12 27.8±1.0 0.5 186 275
17 R-14/R-23/R-32/R-134a 0.35/0.15/0.15/0.35 788±3 145±12 41.7±1.2 0.5 186 275
18 R-14/R-23/R-32/R-134a/Ar 0.28/0.12/0.12/0.28/0.20 788±3 144±12 27.8±1.0 0.5 153 268
19 R-14/R-23/R-32/R-134a/Ar 0.21/0.09/0.09/0.21/0.40 788±3 143±12 27.8±1.0 0.5 129 261
20 R-14/R-23/R-32/R-134a 0.35/0.15/0.15/0.35 271±3 145±1 27.8±0.2 1.5 159 248
21 R-14/R-23/R-32/R-134a 0.35/0.15/0.15/0.35 789±3 143±1 27.8±0.2 1.5 186 275
22 R-14/R-23/R-32/R-134a 0.35/0.15/0.15/0.35 790±3 144±1 41.8±0.2 1.5 186 275
23 R-14/R-23/R-32/R-134a 0.35/0.15/0.15/0.35 788±3 242±2 27.8±0.2 1.5 186 275
24 R-14/R-23/R-32/R-134a/Ar 0.28/0.12/0.12/0.28/0.20 789±3 144±1 27.8±0.2 1.5 153 268
25 R-14/R-23/R-32/R-134a/Ar 0.21/0.09/0.09/0.21/0.40 789±3 143±1 27.9±0.2 1.5 129 261
26 R-14/R-23/R-32/R-134a 0.35/0.15/0.15/0.35 788±3 148±1 18.8±0.1 3.0 186 275
27 R-14/R-23/R-32/R-134a 0.35/0.15/0.15/0.35 791±3 148±1 28.1±0.1 3.0 186 275
28 R-14/R-23/R-32/R-134a/Ar 0.28/0.12/0.12/0.28/0.20 788±3 147±1 28.2±0.1 3.0 153 268
29 R-14/R-23/R-32/R-134a/Ar 0.21/0.09/0.09/0.21/0.40 788±3 148±1 28.2±0.1 3.0 129 261

 

The hydrocarbon binary mixture (referred to as “binary”), has a molar composition of 40% 

methane and 60% ethane.  The binary mixture is prepared in situ.  The effects of the change of 

mass flux (G), heat flux ( Q"
⋅

 ), evaporating pressure (P), diameter (ID) are tested for binary 

mixture, but the composition effect is not tested.  The observed temperature glide for the binary 

mixture is 53 K.  Table 14 shows the test conditions selected for the binary mixture. 
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Table 14. Binary mixture, composition and test conditions. 

Run Mixture Composition P G "Q  ID Tbubble Tdew 

  (by volume) kPa kg/s-m2 kW/m2 mm K K 
30 CH4/C2H6 0.40/0.60 784±3 145±12 55.9±1.4 0.5 155 208 
31 CH4/C2H6 0.40/0.60 789±3 142±12 86.3±1.7 0.5 155 208 
32 CH4/C2H6 0.40/0.60 785±3 242±2 85.4±0.3 1.5 155 208 
33 CH4/C2H6 0.40/0.60 786±3 242±2 56.9±0.2 1.5 155 208 
34 CH4/C2H6 0.40/0.60 266±3 241±2 56.7±0.2 1.5 132 185 
35 CH4/C2H6 0.40/0.60 788±3 145±1 56.8±0.2 1.5 155 208 
36 CH4/C2H6 0.40/0.60 785±3 147±1 40.0±0.1 3.0 155 208 
37 CH4/C2H6 0.40/0.60 788±3 147±1 57.5±0.1 3.0 155 208 

 

5.3. Experimental heat transfer coefficient  

A large set of heat transfer coefficient data for boiling zeotropic mixtures with large 

temperature glides flowing in horizontal tubes of 0.5 mm, 1.5 mm and 3.0 mm diameters have 

been collected.  These data are shown in Appendices B, C and D as plots of heat transfer 

coefficients as a function of average temperature and quality.  Also, the detail data will be posted 

on http://sel.me.wisc.edu/publications-theses.shtml so that they can be accessed by researchers in 

future studies.    

The measured heat transfer coefficients depend on the average condition (temperature and 

quality) between the inlet and the outlet of the test section.  The inlet and outlet conditions may 

be thermodynamically close to one another, but they are different.  When the average quality is 

low, the inlet condition may be subcooled liquid.  Also, the outlet condition could be superheated 

vapor when the average quality is high.  Consequently, it is considered two-phase data, the data 

collected when two-phase condition is observed simultaneously in the inlet and outlet of the test 

section.  Most of the data that fulfills this criterion have an average thermodynamic quality 

between 10 and 90%. 
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The experimental Nusselt number is obtained by normalizing the measured heat transfer 

coefficient (htc) with the inner diameter (ID) of the corresponding test section and the thermal 

conductivity of the mixture (kmixt) as shown in Eq. (94): 

 exp
mixt

htc IDNusselt
k

=  (94) 

The Reynolds number of the mixture is defined according to: 

 
mixt

G IDRe
μ

=  (95) 

where G is the mass flux and µmixt is the viscosity of the mixture.  The mixtures properties are 

defined as the liquid and vapor properties weight using the mass quality (x) contribution.  Eqs 

(96), (97) and (98) show the viscosity, thermal conductivity and specific heat for the mixture: 

 ( )1mixt l vx xμ μ μ= − +  (96) 

 ( )1mixt l vk k x k x= − +  (97) 

 ( )1mixt l vCp Cp x Cp x= − +  (98) 

Figure 81 presents the experimental Nusselt number as a function of the average quality.  It 

seems that for each mixture analyzed, the Nusselt number tends to increase with quality.  The 

rate of increase of the heat Nusselt number may vary for different mixtures, but the positive 

relationship between Nusselt number and quality is still observed.  Partial dry-out of the wall is 

expected to occur at higher thermodynamic qualities, reducing the heat transfer coefficient of the 

mixture.  For some test conditions, partial dry-out is observed for average thermodynamic 
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quality over 70%.  In most of the cases, the partial dry-out occurs when the average quality is 

greater than 85%. 

 

Figure 81. Experimental Nusselt number as a function of average quality. 

Figure 82 presents the experimental Nusselt number as a function of the average Reynolds 

number of the mixture for all of the experimental data.  As the Reynolds number increases, the 

experimental Nusselt number also rises.  The experimental Nusselt number for zeotropic 

mixtures is clearly proportional to the average Reynolds number.   
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Figure 82. Experimental Nusselt number as a function of average Reynolds number. 

5.3.1. Mass flux effects 

Figure 83 to Figure 85 show the heat transfer coefficient data measured in the 1.5 mm test 

section for binary, hydrocarbon and synthetic refrigerant mixtures, respectively.  The heat 

transfer coefficient is shown as a function of thermodynamic average quality where the quality is 

predicted using REFPROP.  In order to illustrate the effect of mass flux (G), the data were 

collected for two different mass fluxes 144 and 240 kg/m2-s, while the other conditions were 

kept constant. 

The experimental data clearly show that increasing the mass flux tends to increase the heat 

transfer coefficients for the three mixtures analyzed.  This result agrees with the observation 

made by Nellis et al. [30] for nitrogen-hydrocarbon mixtures at cryogenic conditions.  The ratio 

between the measured heat transfer coefficient for the mass flux of 240 and 144 kg/s-m2 is 

100 1000 10000 100000
1

10

100

1000

Reavg

N
us

se
lt e

xp



123 
 

approximately 1.5, which is similar to the ratio predicted for turbulent flow using the Dittus and 

Boelter [26] correlation evaluated at these two flow conditions, as shown in eq. (99).  Certainly, 

the flow velocity increases as the mass flux goes up enhancing the convective boiling. 

 

0 8

240 240

144 144

1 5
.

G G

G Gmeasured

htc Re .
htc Re

= =

= =

   
= ≈   

   
 (99) 

In regions with low thermodynamic quality, behavior that could be attributed to nucleate 

boiling is not observed even though it is understood that nucleate boiling could be the dominant 

mechanism, at least for conventional channels.  

 
Figure 83. heat transfer coefficient as a function of average quality, mass flux effect, binary mixture, P = 790 kPa, 

Q" = 56 kW/m2, ID = 1.5  mm, Runs 33 and 35 
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Figure 84. heat transfer coefficient as a function of average quality, mass flux effect, hydrocarbon mixture (no 

dilution), P = 270 kPa, Q" = 56 kW/m2, ID = 1.5 mm, Runs 7 and 8 
 

 
Figure 85. heat transfer coefficient as a function of average quality, mass flux effect, synthetic refrigerant mixture 

(no dilution), P = 790 kPa, Q" = 28 kW/m2, ID = 1.5 mm, Runs 21 and 23   
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5.3.2. Heat flux effects 

The effect of heat flux is investigated by collecting heat transfer coefficient data for two 

different heat fluxes (Q"
⋅

) while the other conditions are kept constant.  In general, the boiling 

process could be driven by two phenomena:  nucleate and convective boiling.  Changing the heat 

flux may affect the nucleate boiling mechanism because bubble generation and departure are a 

function of the heat flux from the wall to the liquid.  The convective component of the heat 

transfer coefficient is not expected to be significantly affected by changes on the heat flux. 

Figure 86, Figure 87, and Figure 88 show the heat transfer coefficient data measured in the 

1.5 mm test section for binary, hydrocarbons and synthetic refrigerant mixtures, respectively.  

Also, the heat flux effect is analyzed in the test section 0.5 and 3.0 mm, and these results may be 

seen in Appendices B, C, and D for the same mixtures.  It is clear from the 9 comparison 

including the combination of the 3 mixtures and 3 diameters that the heat flux variations do not 

have any significant effect on the heat transfer coefficient for any diameter or mixture tested.  A 

complete suppression of nucleate boiling is observed.  This behavior could be attributable to the 

small diameter of the test section because bubble may be squeezed in the tube reducing 

dramatically the rate of bubble generation and departure.  Also, as suggested by Sardesai et al. 

[55], the diffusion of constituents could add a thermal resistance that slows down the bubble 

generation mechanism.  These results also suggest that convective boiling is the dominant 

boiling mechanism at the measured conditions.   
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Figure 86. heat transfer coefficient as a function of average quality, heat flux effect, binary mixture, G = 240 kg/m2-

s, P = 790 kPa, ID = 1.5 mm, Runs 32 and 33 
 

 
Figure 87. heat transfer coefficient as a function of average quality, heat flux effect, hydrocarbon mixture (No 

dilution), G = 144 kg/m2-s, P = 270 kPa, ID = 1.5 mm, Runs 5 and 6 
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Figure 88. heat transfer coefficient as a function of average quality, heat flux effect, synthetic refrigerant mixture 

(No dilution), G = 144 kg/m2-s, P = 270 kPa, ID = 1.5 mm, Runs 21 and 22 
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Figure 89. heat transfer coefficient as a function of average quality, pressure effect, binary mixture, G = 240 kg/m2-

s, Q" = 56 kW/m2, ID = 1.5  mm, Runs 33 and 34 

 
Figure 90. heat transfer coefficient as a function of average quality, pressure effect, hydrocarbon mixture (no 

dilution), G = 144 kg/m2-s, Q" = 56 kW/m2, ID = 1.5 mm, Runs 7 and 9 
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Figure 91. heat transfer coefficient as a function of average quality, pressure effect, synthetic refrigerant mixture (no 

dilution), G = 144 kg/m2-s, Q" = 28 kW/m2, ID = 1.5 mm, Runs 20 and 21 
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constant.  The hydrocarbons and the synthetic refrigerants mixtures are diluted using nitrogen 

and argon, respectively.  The experimental heat transfer data for hydrocarbons mixture in the 3.0 

mm test section is are shown in Figure 92.  Figure 93 presents the current experimental data for 

the synthetic refrigerant mixtures in the 3.0 mm test section showing 0%, 20%, and 40% argon 

dilution. 

Nitrogen, which is used to dilute the hydrocarbon mixtures, has a lower saturation 

temperature than methane.  Methane is the lightest component of the hydrocarbons mixture.  

When the nitrogen is added to the hydrocarbons mixture, the two-phase region is significantly 

expanded and the temperature glide is increased by around 45 K, as shown in Table 12.  The 

synthetic refrigerant mixture behaves in a similar manner when argon is added.  The dew and 

bubble temperature for the synthetic refrigerants mixtures are shown in Table 13. 

The dilution affects the properties of the mixture and the diluted mixture is expected to 

behave as a new fluid.  A significant variation in the magnitude of the measured heat transfer 

coefficient for different compositions is observed, as reported by Nellis et al. [30].  In the 

hydrocarbon mixtures case, the 20% dilution using nitrogen reduces the heat transfer coefficient 

by approximately 15% and maintains a similar trend to the data without dilution.  As the dilution 

increases (40%), the heat transfer coefficient increases in the low quality region (below 40%) 

coinciding with where most of the nitrogen is evaporated and showing a peak at low temperature.  

In the high quality region (over 40%), the heat transfer coefficient for 40% dilution is about 25% 

smaller than without dilution. 



131 
 

 
Figure 92. heat transfer coefficient as a function of average quality, Composition effect, hydrocarbon mixture, G = 

144 kg/m2-s, P = 790 kPa, Q" = 56 kW/m2, ID = 3.0 mm, Runs 13, 14 and 15 
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Figure 93. heat transfer coefficient as a function of average quality, Composition effect, synthetic refrigerant 

mixture, G = 144 kg/m2-s, P = 790 kPa, Q" = 28 kW/m2, ID = 3.0 mm, Runs 27, 28 and 29 

 

5.3.5. Tube size effects 
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Figure 94, Figure 95 and Figure 96 show the measured heat transfer coefficient varying the 

diameter of the test section and keeping constant the other test condition for binary, hydrocarbon 

and synthetic refrigerants mixtures, respectively.  Similar results are shown in Appendices C and 

D for the hydrocarbon and synthetic dilutions.  The binary mixture show the expected result 

between the 0.5 and 1.5 mm data; however, the 3.0 mm data only follow the expected trend as 

the quality is greater than 50%.  Figure 95 shows similar behavior for the hydrocarbon data.  The 

synthetic refrigerant mixture data behave according to the trend suggested before.   

 
Figure 94. heat transfer coefficient as a function of average quality, Diameter effect, binary mixture, G = 144 

kg/m2-s, P = 790 kPa, Q" = 56 kW/m2, Runs 30, 35 and 37 
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Figure 95. heat transfer coefficient as a function of average quality, Diameter effect, hydrocarbon mixture (no 

dilution), G = 144 kg/m2-s, P = 790 kPa, Q" = 56 kW/m2, Runs 1, 9 and 13 

 
Figure 96. heat transfer coefficient as a function of average quality, Diameter effect, synthetic refrigerant 

mixture (no dilution), G = 144 kg/m2-s, P = 790 kPa, Q" = 28 kW/m2, , Runs 16, 21 and 27 
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The unexpected higher heat transfer coefficient for the binary and hydrocarbon mixtures in the 

3.0 mm test section at qualities lower than 50% may be explained because a different flow 

regime induced by the small diameter.  In the small diameters, the confined bubble regime may 

be dominant.  As the diameter increases, the bubbles allow liquid flowing between the bubbles 

and the wall accelerating the flow and enhancement the heat transfer coefficient.   

5.3.6. Roughness effects 

The actual 1.5 mm test section has a RMS roughness of 0.86 µm and a relative roughness of 

0.0006 as presented in Table 4 and Table 8.   The old 1.5 mm test section has a RMS roughness 

of 2.56 µm and a relative roughness of 0.0017 according to Table 8.  Figure 97 shows the results 

for the measured heat transfer coefficient both test section keeping the same test conditions: 

Hydrocarbon mixture, no dilution, G = 144 kg/m2-s, P = 270 kPa, Q"
⋅

 = 56 kW/m2.   

 
Figure 97. heat transfer coefficient as a function of average quality, Composition effect, hydrocarbon mixture, G = 

144 kg/m2-s, P = 270 kPa, Q" = 56 kW/m2, ID = 1.5 mm, Runs 5 and 7 
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There is not a significant difference between the collected heat transfer coefficients in the two 

test sections when the thermodynamic quality is greater 40%.  The old test section, which has a 

greater relative roughness, shows an enhancement of the heat transfer coefficient as the quality 

decreases to values below 40%. 

5.4. Dimensionless number and nomenclature used in two-phase flow 

Reynolds, Prandtl, Froude, and Weber number are frequently referred in the two-phase flow 

literature.  They can be related with the mixture or two-phase fluid or for the vapor and liquid 

phases.  When the dimensionless number is associated with mixture or two-phase fluid may be 

indicated either with no subscripts or subscripts as mixt or 2ph.  The liquid phase may be referred 

with the subscripts l or lo.  The subscripts l means that only the liquid fraction of the two-phase 

flow is flowing on the tube.  The subscripts lo (or liquid only) is used when it is assume that all 

of the two phase fluid behaves as liquid.  The vapor phase is treated in the same manner than 

liquid phase.  Table 15 shows the dimensionless number used in this report. 

Table 15. Dimensionless number used in this report 
Dimensionless number mixture/two-phase liquid liquid only vapor vapor only 
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5.5. Heat transfer coefficient models 

In general, boiling models for turbulent flow of pure fluids indicate that the heat transfer 

process in the two-phase zone is mainly explained by convective and nucleate boiling.  

Convective boiling is a phase change process that occurs at the vapor-liquid interface.  Liquid 

evaporates to vapor at this boundary.  This process can be understood as a single-phase turbulent 

forced convection [60].  Nucleate boiling can be understood as being similar to nucleate pool 

boiling in which there is generation and growth of vapor bubbles in the liquid-solid (wall tube) 

interface until they leave the wall due to buoyancy or pressure forces from the surrounding, 

flowing fluid.  As heat flux increases, more nucleation sites are activated, generating more vapor 

bubbles.  The heat flux associated with nucleation is higher because the generation, growth, and 

removal of vapor bubbles in the tube surface produces a strong fluid motion that continuously 

allow cold fluid to access the hot tube surface.  Both nucleate and convective boiling 

mechanisms explain high heat transfer coefficients in boiling process [59]. 

There is not a general and accurate correlation to predict the local heat transfer coefficient 

(htc) for mixtures during the boiling process.  Thome [60] suggested for non-azeotropic mixtures 

that the best approach is to utilize an accurate pure fluid correlation including modifications to 

take into account the mixture mass diffusion effect; consequently, previous work regarding to 

boiling of pure fluids are visited.  However, one limitation of most of the existing boiling 

correlations for pure fluids is that they were developed using experiment data obtained on 

vertical tubes [11].  These correlations have been modified to be suitable for horizontal tubes.  In 

vertical flow, there are few data collected at high qualities because the dry out occurs in the 

quality range between 50 and 75%.  Consequently, the local heat transfer coefficient is not 
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predicted adequately at high quality regions.  Table 16 shows some of the well-known 

correlations that predict heat transfer coefficient for boiling flow of pure fluids. 

A considerable number of heat transfer correlations of flow boiling for pure fluids have been 

proposed.  Chen [28] provided one of the first general correlations for flow boiling.  This 

correlation superimposes both mechanisms that could explain the boiling phenomenon by 

separately considering the contribution of nucleate (htcn) and convective boiling (htcc).  Another 

superposition model has been proposed by Gungor and Winterton [61].  Gungor and Winterton 

[62] modified their previous correlation and proposed an enhancement model that is based in a 

liquid single-phase heat transfer coefficient with a two-phase enhancement factor.  Liu and 

Winterton [63] provided an asymptotic model that is an improvement of the Gungor and 

Winterton [61] correlation.  
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Table 16. Boiling heat transfer correlations for pure fluids 
Author Equation Comments 
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The correlations presented in Table 16 for pure fluids are evaluated and compared with the 

measured heat transfer coefficients for the mixed refrigerants tested.  The average absolute 

deviation (AAD) is used to evaluate each correlation.  The AAD is defined in Eq. (102) as the 

ratio between the sum of the relative errors and the number of data point collected.  The relative 
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error is the ratio of the absolute difference between the measured (true value) and the predicted 

heat transfer coefficient divided by the true value: 

 1 100measured predicted

measured

htc htc
AAD %

N htc

 −
 =
 
 

  (102) 

Table 17 summarizes the AAD of the heat transfer coefficient predicted using existing boiling 

correlations for pure fluids.  The results are shown for each diameter and for each mixture tested 

separated as binary, hydrocarbons, hydrocarbons dilution, synthetics and synthetics dilution.  

Also, the combined results for hydrocarbons and synthetic refrigerants mixtures are shown.  

Finally, the last column of Table 17 shows the combined result for each diameter and also for the 

combination of all diameters. 

It is clear that the existing correlations for boiling pure fluids do not accurately predict the 

boiling heat transfer coefficient for mixtures.  Chen [28], Gungor and Winterton [61] and [62] 

and Liu and Winterton [63] include in their models the contribution of nucleate boiling; 

however, the experimental data shows prevalence of convection boiling.  Table 18 displays the 

deviations of the same correlations, but only taking into account the convective boiling 

contribution.  Chen and Liu and Winterton convection models show better results.  The 

convective part of Chen provides the best prediction with an AAD of 27%, and it especially is 

good relative to predicting the behavior of the hydrocarbons mixtures (dilution and no dilution) 

in the 1.5 mm test section (with an AAD below 16%).  AADs over 30% are observed in the 

small test section for all the mixtures. 
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Table 17. AAD of heat transfer coefficient predicted using existing boiling heat transfer correlations for pure fluids 

                    
Correlations Binary HC HC+N2 Syn Syn+Ar All data 
 0.5 1.5 3.0 0.5 1.5 3.0 0.5 1.5 3.0 0.5 1.5 3.0 0.5 1.5 3.0 0.5 1.5 3.0 All 
    

Chen 42% 15% 46% 65% 24% 71% 80% 31% 58% 132% 161% 34% 283% 201% 131% 298% 96% 210%

Gungor and Winterton 368% 266% 202% 486% 268% 248% 675% 652% 455% 385% 294% 318% 1340% 863% 881% 695% 426% 487% 504%

Gungor and Winterton 2 115% 94% 54% 155% 91% 62% 272% 279% 202% 134% 97% 98% 458% 305% 320% 246% 156% 173% 182%

Liu and Winterton 163% 139% 130% 239% 131% 172% 286% 340% 291% 144% 120% 158% 262% 285% 296% 228% 187% 227% 207%

    

 

Table 18. AAD of heat transfer coefficient predicted using the convective contribution of existing boiling heat transfer correlations for pure fluids 

                    
Correlations Binary HC HC+N2 Syn Syn+Ar All data 
 0.5 1.5 3.0 0.5 1.5 3.0 0.5 1.5 3.0 0.5 1.5 3.0 0.5 1.5 3.0 0.5 1.5 3.0 All 
    

Chen 39% 18% 29% 37% 16% 23% 29% 14% 21% 45% 37% 28% 35% 35% 31% 37% 23% 26% 27%
Gungor and Winterton 115% 79% 43% 149% 84% 53% 293% 310% 228% 136% 94% 89% 992% 535% 594% 372% 190% 256% 249%

Liu and Winterton 38% 28% 47% 43% 25% 41% 34% 23% 34% 35% 31% 32% 33% 30% 28% 36% 27% 35% 31%
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Table 19 shows some of the correlations available for boiling mixtures in the literature.  Some 

of the pure fluid boiling correlations have been empirically evaluated, and they have been 

modified including coefficients that take into account some mixing effects.  Most of these 

correlations have been validated for binary mixtures under limited conditions.  The binary data 

used to validate these correlations have been obtained in large channels, for mixtures with small 

temperature glides and close to room temperature.  Bennett and Chen [64] is one of these 

correlations, which was proposed to predict heat transfer coefficient for binary mixtures.  The 

Bennett and Chen correlation is based on the Chen correlation.  

Mishra et al. [54] proposed the correlation shown in Eq. (103): 

 
1

m
n

l
tt

htc C htc Bo
X

 
=  

 
 (103) 

Mishra correlated their experimental data with the liquid single-phase heat transfer coefficient 

and introduced an enhancement factor that take into account effects of the boiling multi-

component mixture.  The enhancement factor is defined as a function of the boiling number (Bo) 

and the Lockhart-Martinelli coefficient (Xtt) both phase turbulent.  The coefficients C, m and n 

were experimentally defined for each mixture evaluated.   
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Table 19. Boiling heat transfer correlations for mixtures 
Author Equation Comments 
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Kandlikar [65] developed a correlation for flow boiling with binary mixtures.  This 

correlation includes the fundamentals of bubble growth phenomenon and the effect of liquid and 

vapor concentration on the interphase.  The correlation defines three regions: one region includes 

nucleation boiling, another region with moderate suppression of nucleate boiling, and a region 

with severe suppression of nucleate boiling.   

Little [2] and Granryd [1] models are similar to model proposed by Silver [66] and Bell and 

Ghaly [67].  These models are based on annular flow, which is characterized by the presence of 

separated liquid and vapor phase flows: a liquid film flowing along the wall and vapor flowing 

on the center of the tube surrounding by the liquid film.  The correlation proposed by Silver [66] 

and Bell and Ghaly [67] was developed for condensing mixtures.  This correlation is given by 

Eq. (104): 

 1 1 v

film
v

P

xCp
hhtc htc htc
T

= +
∂ 

 ∂ 

 (104) 

A specific correlation to calculate the liquid film (htcfilm) and the vapor (htcv) heat transfer 

coefficients is not provided.  Ardhapurkar [68] proposed to calculate the film heat transfer 

coefficient using a modified version of Gungor and Winterton [62] with the correction factor for 

mixtures proposed by Thome and Shakir [69].  Ardhapurkar compared his correlation to 

experimental data obtained from Nellis et al.[30]. 

Eq. (105) shows the correlation proposed by Granryd [1]:   
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The heat transfer coefficients for the liquid and vapor phase are calculated using Dittus and 

Boelter [26] correlation.  Vapor and liquid components are assumed to flow in separate tubes.  

The first term, corresponding to the liquid film, includes an enhancement factor that is a function 

of Lockhart and Martinelli coefficient assuming liquid and vapor phase are both in a turbulent 

flow regime.  In addition, another enhancement factor equal to 2 is introduced for the vapor 

component (second term) to take into account the improvement due to interface effects 

(vapor/liquid).  Granryd validated his correlation against Jung [13] data for mixtures of R-12/R-

152 and R-22/R-114.   

Little [2] proposed a correlation that predicts with reasonable agreement heat transfer 

coefficient (htc) of boiling zeotropic mixtures flowing on horizontal tubes.  Little’s model was 

validated using experimental data presented by Nellis et al. [30] for nitrogen-hydrocarbon 

mixtures.  However, it is not clearly shown how the correlation is obtained and how it should be 

applied.  Appendix D shows a detailed heat transfer model that arrives to the same correlation 

proposed by Little.  The correlation for the mixture heat transfer coefficient proposed by Little is 

shown in Eq. (106). 

 
2 21 1 v
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= +
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 (106) 

The Dittus and Boelter [26] correlation is recommended for determining the single-phase heat 

transfer coefficients between the liquid film and the wall (htcl,film) and between the core vapor 

and the liquid film (htclv) components as shown in Table 19.  The parameters vCp  and bCp  are 

the specific heat for the vapor phase and for the mixture.  bCp  is defined as the weighted average 

of the liquid and vapor phase specific heat as shown in Eq. (107).  
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 ( )1b l vCp Cp x Cp x= − +  (107) 

where x is the thermodynamic quality.  
P

h
T

∂ 
 ∂ 

 is the apparent heat capacity of the mixture, 

which is the partial derivative of the mixture enthalpy with respect to temperature at constant 

pressure.  The apparent specific heat of the mixture includes both the sensible and latent heat 

contributions.  In addition, Little recommends the Chisholm void fraction model [70] be used to 

determine hydraulic diameters of the liquid and vapor fractions. 

Table 20 displays the AAD for the mixture correlations shown in Table 19 in order to 

understand their applicability to the conditions and mixtures tested.  As expected, the Bennett 

and Chen [64] correlation does not work well predicting the experimental data because it is 

based on Chen [28], which is a superposition model that adds the effects of convective and 

nucleate boiling, and the current experimental data is dominated by convective boiling.  The 

Mishra [54] approach presents clear limitations because each mixture needs to define new 

experimental coefficients.  The Mishra correlation is fitted against the experimental data 

presented in this paper, the experimentally-determined coefficient that best fits the data are C = 

1.96, m = 0.7, n = 0.  The value of zero for the coefficient n (n=0) suggests that play any 

important role in the data collected.  The Mishra correlation seems to accurately predict the data 

well except for the dilutions of the hydrocarbons and synthetic mixtures data collected on the 

small test section of 0.5 mm.  A prediction with an AAD of 18% seems to be good given the 

simplicity of the correlation.  The Kandlikar correlation [65] does not seem to be suitable for 

predicting the heat transfer coefficient of the tested mixtures.  The three correlations based on 

Silver [66], Bell and Ghaly [67] seem to work well to predict the experimental data.  Granryd [1] 

shows the best agreement and Silver [66], Bell and Ghaly [67] has the worst performance.  The 



147 
 

AAD for all the experimental data using Granryd is 15.0%.  The greatest deviation is observed 

when the hydrocarbons and synthetic dilutions data are predicted on the 0.5 mm test section.  

Granryd seems to provide more accurate predictions for the experimental data as the diameter of 

the test section increases (Little [2] performs well with an AAD of 18%).  Also for Little, the 0.5 

mm test section data seems to be most difficult to predict.   

Figure 98 to Figure 100 show four plots of the predicted Nusselt as a function of the 

experimental Nusselt.  These plots show the results of the best four correlations for experimental 

data shown in this paper: Granryd, Little, Mishra and convective Chen.  The plots are all on a 

log-log scale.  In each plot the ±25% error lines are shown.  It is clear that convective Chen 

correlation is less accurate than the other three selected models.  Mishra and Little show the 

greatest dispersion as the Nusselt number is reduced below 100.  Little seems to be the most 

accurate correlation for Nusselt number greater than 100.  Granryd is the most accurate heat 

transfer coefficient correlation to predict all the experimental data. 
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Table 20. AAD of heat transfer coefficient predicted using the existing boiling heat transfer correlations for mixtures 

                    
Correlations Binary HC HC+N2 Syn Syn+Ar All data 
 0.5 1.5 3.0 0.5 1.5 3.0 0.5 1.5 3.0 0.5 1.5 3.0 0.5 1.5 3.0 0.5 1.5 3.0 All 
    

Bennett &Chen 33% 30% 36% 70% 38% 64% 84% 44% 53% 117% 148% 29% 284% 197% 129% 303% 90% 210%

Mishra 22% 17% 31% 12% 9% 22% 34% 21% 11% 13% 11% 13% 38% 26% 12% 25% 15% 16% 18%

Kandlikar 2 69% 63% 30% 110% 75% 43% 180% 165% 110% 87% 69% 71% 137% 111% 41% 126% 94% 61% 93%

Granryd 11% 13% 12% 31% 13% 9% 34% 19% 7% 11% 8% 9% 35% 19% 7% 26% 14% 8% 15%

Little 19% 28% 8% 36% 17% 11% 27% 27% 17% 15% 9% 13% 30% 14% 12% 26% 18% 13% 18%

SBG 23% 19% 27% 20% 29% 30% 25% 29% 41% 37% 38% 35% 24% 32% 36% 27% 31% 35% 31%
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Figure 98. Predicted Nusselt number as a function of experimental Nusselt number using Chen correlation (only 

convection contribution). 

 

Figure 99. Predicted Nusselt number as a function of experimental Nusselt number using Mishra correlation. 
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Figure 100. Predicted Nusselt number as a function of experimental Nusselt number using Granryd correlation. 

 

Figure 101. Predicted Nusselt number as a function of experimental Nusselt number using Little correlation. 
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In summary, the convective component of Chen correlation produce the worse prediction of 

the four selected heat transfer models.  Also, Granryd, Little and Mishra predict the experimental 

data very well.  The best agreement is obtained using Granryd with an AAD of 15.0% and the 

second best is given by Little with an AAD of 18%; consequently, the calculated heat transfer 

coefficient using correlations from the literature provide reasonable predictions. 

Granryd and Little seem to be the best predictor models.  Figure 102 and Figure 103 show the 

relative errors as a function of quality for Granryd and Little correlations, respectively.  A solid 

line indicates the average relative error as a function of quality.  Partial dryout increment the 

average relative error as the average quality increases over 80%.  However, the relative error 

increases faster in the prediction done using Granryd.  Little seems to be more accurate for high 

qualities.  On the other hand, Little is less accurate as the average quality is reduced below 40%.  

Little seems to predict reasonable well the data between 40% and 100% of thermodynamic 

quality where the average error is below 20%.  Granryd shows good prediction in all of the 

range, but it is especially good for qualities between 10% and 80% showing average relative 

error below 20%. 
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Figure 102. Relative error of the prediction as a function of average quality using Granryd correlation. 

 

Figure 103. Relative error of the prediction as a function of average quality using Little correlation. 
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Table 21 shows the fraction of the empirical data predicted using Little and Granryd with 

relative error lower than 10, 20, 25, 30 and 50%.  In general, about 80% of the experimental data 

is predicted with relative error lower than 30% using both correlations.  Granryd works 

extremely well with the data collected for the 1.5 and 3.0 test sections predicting more than 90% 

with a relative error lower than 30%.  As the diameter decreases, the prediction becomes less 

accurate.  97% of the data for 3.0 mm, 91% for 1.5 mm and 69% for 0.5 mm are calculated with 

a relative error lower than 30% using Granryd.  Little includes 91%, 82% and 73% for the 3.0, 

1.5 and 0.5 mm, respectively.  Little predicts more data with a relative error lower than 30% in 

the 0.5 mm test section.   

Table 21. % of experimental data for different % of relative error 

Models 
 % of experimental data with a relative error 

lower than 
 10% 20% 25% 30% 50% 

       
Granryd 0.5 mm 32% 53% 62% 69% 85% 
 1.5 mm 51% 74% 82% 91% 98% 
 3.0 mm 72% 92% 96% 97% 100% 
 All data 52% 74% 81% 87% 95% 
       
Little 0.5 mm 44% 64% 70% 73% 83% 
 1.5 mm 44% 71% 78% 82% 92% 
 3.0 mm 57% 83% 88% 91% 97% 
 All data 47% 73% 79% 82% 91% 
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5.6. Models evaluation using Nellis et al. [47] 

Nellis et al. [30] presented experimental heat transfer coefficient data for six sets of 

evaporating zeotropic mixtures on a horizontal test section with an inner diameter of 0.835 mm.  

The zeotropic mixtures are formed by different compositions of nitrogen, methane, ethane, 

propane and isobutane.  The test conditions include variation of mass fluxes between 200 and 

900 kg/m2-s, evaporating pressures between 400 and 1400 kPa with a constant heat flux of 80 

kW/m2 for all test conditions.  Little correlation was validated using Nellis et al. data.   

Little and Granryd models are used to predict Nellis et al. data.  Figure 104 shows a log/log 

plot of the predicted versus the empirical Nusselt number.  Also, the 25% error lines are 

indicated. 

 

Figure 104. Predicted Nusselt number using Little as a function of experimental Nusselt number obtained by Nellis 
et al. [47] 
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Figure 105. Relative error of the prediction as a function of average quality for Nellis et al. data using Little 

correlation. 
 
 

Figure 104 indicates that Little model predicts Nellis experimental data well.  At low and high 

Nusselt numbers, the correlation shows greater errors.  The excessive error at high Nusselt 

number is related with partial dryout of the mixture flowing within the tube.  Figure 105 shows 

that the dryout appears when thermodynamic qualities are greater than 70%.  At the low quality 

region, the Nusselt number is over predicted as displayed on the low end of Figure 105 (left).  

The relative error as a function of quality shown in Figure 105 helps to visualize how the relative 

error increases as quality decreases below 30%.  Increased relative error at low qualities occurs 

because Little is based on annular flow and it is less likely to have annular flow at low qualities.  

The minimum relative errors are observed between 30% and 70% of thermodynamic qualities.  
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The Little correlation has an AAD of 19% for the Nellis data and it is able to predict 87% of 

Nellis data with a relative error lower than 30% according to Table 22.  

Figure 106 shows the predicted Nusselt number using the Granryd correlation as a function of 

the experimental Nusselt number obtained by Nellis.  Most of the data fall within the ±25% error 

lines. 

 
Figure 106. Predicted Nusselt number using Granryd as a function of experimental Nusselt number obtained by 

Nellis et al. [47] 
 

Figure 107 shows the relative error using Granryd as a function of average quality.  The behavior 
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Figure 107. Relative error of the prediction as a function of average quality for Nellis et al. data using Granryd 

correlation 

 

Nellis et al. data is predicted with an AAD of 18% using Granryd model.  Table 22 shows that 
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Table 22. % of experimental data for different % of relative error 
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% of experimental data with a relative error 

lower than 
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5.7. Model generalization 

The Nellis data were obtained in a test section with an inner diameter of 0.835 mm, which is 

between the small (0.5 mm) and medium (1.5 mm) diameter tested in this research; however, the 

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

xavg

R
el

at
iv

e 
E

rr
or

G
ra

nr
yd



158 
 

prediction of Nellis data seems to be slightly better using Little and Granryd correlations.  One 

reason that could explain this result is that the mass fluxes tested by Nellis are greater.  A low 

mass flux may produce laminar flow even at high qualities, which may not be well modeled.  

This hypothesis might be reinforced if the diameter is reduced.  Figure 108 and Figure 109 show 

the relative error of the combined data (Nellis et al. and the actual data) as a function of the 

factor ( )1Re x x−  using Little and Granryd, respectively.  ( )1Re x x−  is low when the 

Reynolds number of the mixture is low (laminar condition) or the quality is low (no annular 

flow).  A clear trend is observed for Little calculation (Figure 108) when the factor decreases the 

high relative error increases.  Peaks of relative error greater than 50% are observed when the 

factor is lower than 500.  Also, the dryout region is clear when the factor is greater than 40000.  

 
Figure 108. Relative error of all data combined using Little, Nellis et al and actual data, as a function of Re x/(1-x). 
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The same trend is observed in Figure 109 for Granryd correlation; however, the increment in the 

relative error is not as dramatically as using Little when the factor ( )1Re x x−  is reduced below 

500.  Even though Granryd predicts better heat transfer coefficient at low Reynolds number and 

low qualities, Granryd is less accurate when ( )1Re x x−  is lower than 500. 

 

Figure 109. Relative error of all data combined using Granryd, Nellis et al and actual data, as a function of Re x/(1-
x). 
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accuracy.  Granryd is clearly better predicting heat transfer coefficient for low ( )1Re x x−  

values because at least 70% of the data show relative error low than 25%.  When the factor 

increase up to values close to 2000 or higher, Little predictions are slightly better than Granryd.    

 

 
Figure 110. Fraction of data with relative error lower than 25% as a function of Re x/(1-x). 

   

 

  

10 100 1000 10000 100000
0

0.2

0.4

0.6

0.8

1

Re x/(1-x)

fra
ct

io
n 

of
 d

at
a 

w
ith

re
la

tiv
e 

er
ro

r <
 2

5%

Granryd 

Little

GranrydGranryd

LittleLittle



161 
 

6. FRICTIONAL PRESSURE DROP 

6.1. Literature review 

Some reported studies such as Ould Didi et al. [71], Greco and Vanoli [72], Jung and 

Radermacher [73] and Sami and Duong [74] include pressure drop information for zeotropic 

mixtures with small temperature glides and nearly-azeotropic mixtures that change phase at 

temperatures close to room temperature in conventional channels.  Ould Didi et al. [71] report 

two-phase frictional pressure drop data measured in horizontal tubes (DH = 10.92 and 12.00 mm) 

while evaporating five refrigerants (R-134a, R-123, R-402a, R-404a and R-502) as a function of 

mass flux (100 - 500 kg/m2-s) and thermodynamic quality (0.04 to 1.0).  Ould Didi et al. 

concluded that Müller-Steinhagen and Heck [6] and Gronnerud [75] methods provide the best 

predictions for their data.  Greco and Vanoli [72] describe an experimental study of the frictional 

pressure drop for boiling R-22, R-507, R-404A, R-134a, R-407C and R-410A in a horizontal 

tube (DH = 6 mm).  The pressure drop is provided as a function of mass flux (280–1080 kg/m2-s) 

while the evaporating pressure is fixed at 7.0 bar.  Chawla’s [76] friction correlation shows the 

best-fit to their experimental data.   

Jung and Radermacher [73] report pressure drop data collected during boiling of pure and 

mixed refrigerants of R-22, R-114, R-12, and R-152a in a horizontal test section.  The heat flux 

and mass flux vary from 10–45 kW/m2 and 230–720 kg/m2-s, respectively.  Jung and 

Radermacher reported good correlation between the Lockhart and Martinelli parameter and 

pressure drop with both pure and mixed refrigerants.  Also, Jung and Radermacher proposed a 

correlation that predicts their experimental data with a mean deviation of 8.4%.  Sami and Duong 

[74] present empirical data for a boiling mixture R-22/R-114 in the annuli of a horizontal 
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enhanced surface tubing evaporator with 17.3, 28.6, and 32.3 mm for the inner , envelope and an 

outer diameters, respectively.  Heat flux ranged between 5 and 25 kW/m2 while the mass flux 

varied between 180 and 290 kg/m2-s at a pressure of 570 kPa.  A correlation is proposed to 

predict pressure drop of their R-22/R-114 (zeotropic refrigerant) mixture.   

One of the few studies that involve conditions similar to  those described here is reported by 

Baek et al. [77].  They report pressure drop data during boiling for what they called “macro heat 

exchangers” (DH = 1.58 mm) and “micro heat exchangers” (DH = 0.34 mm) installed in a mixed 

refrigerant Joule-Thomson system using two-phase zeotropic mixtures as a function of mass 

flux.  A four component mixture formed by Argon, R-14, R-23, and R-218 (0.26/0.21/0.21/0.32 

molar composition) and a five component mixture formed by Argon, R-14, R-23, R-218, and R-

134a (0.34/0.22/0.10/0.15/0.19 molar composition) were tested over a temperature range 

between 70 and 210 K and an evaporating pressure of 200 kPa.  The pressure drop that is 

reported takes into account the pressure difference between the inlet and the outlet of the heat 

exchangers.  Baek et al. [77] concluded that the frictional pressure drop for the zeotropic 

mixtures tested while operating at cryogenic temperatures can be predicted with the Qu and 

Mudawar [78] and Sami and Duong [74] correlations for macro and micro heat exchangers, 

respectively.  However, their global measurement of the frictional pressure drop does not allow a 

fundamental understanding of two-phase frictional pressure drop phenomenon because it does 

not provide details on the local pressure drop, which limits the application of their conclusion to 

systems that have different operating conditions.   
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6.2. Experimental data description 

One of the objectives of this study is to present the results of experimental frictional pressure 

drop data obtained from boiling zeotropic mixtures.  Two horizontal test sections are used with 

inner diameters ID = 0.5 mm and ID = 1.5 mm.  The majority of the pressure drop data were 

collected together with heat transfer coefficients measurements; however, some data were 

obtained under adiabatic conditions.   

Table 23 through Table 27 provide mixture composition and test conditions for each set of 

data collected.  Figure 111 to Figure 115 show the corresponding measured frictional pressure 

drop obtained during boiling for each corresponding zeotropic mixture.  
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Table 23. Hydrocarbon mixture, composition and test conditions. 
Run Mixture & Composition Condition P G Q"  ID Tbubble Tdew ∆Tglide 
 (by volume)  kPa kg/s-m2 kW/m2 mm K K K 

HC-1 
CH4/C2H6/C3H8 

(0.45/0.35/0.20) 
Diabatic 787±3 143±12 56.5±1.4 0.5 160 246 86 

HC-2 
CH4/C2H6/C3H8 

(0.45/0.35/0.20) 
Adiabatic 779±3 242±12  0.5 160 246 86 

HC-3 
CH4/C2H6/C3H8 

(0.45/0.35/0.20) 
Diabatic 785±3 143±1 56.9±0.2 1.5 160 246 86 

HC-4 
CH4/C2H6/C3H8 

(0.45/0.35/0.20) 
Adiabatic 789±3 144±1  1.5 160 246 86 

HC-5 
CH4/C2H6/C3H8 

(0.45/0.35/0.20) 
Diabatic 265±3 239±2 56.7±0.2 1.5 135 221 86 

HC-6 
CH4/C2H6/C3H8 

(0.45/0.35/0.20) 
Diabatic 269±3 144±1 57.0±0.2 1.5 135 221 86 

 

 

Figure 111. Frictional pressure drop for hydrocarbons mixture as a function thermodynamic average quality 
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Table 24. Hydrocarbon diluted with nitrogen mixture, composition and test conditions. 
Run Mixture & Composition Condition P G Q"  ID Tbubble Tdew ∆Tglide 
 (by volume)  kPa kg/s-m2 kW/m2 mm K K K 

HC-N2 1 
CH4/C2H6/C3H8/N2 

(0.36/0.28/0.16/0.20) 
Diabatic 788±3 145±12 56.6±1.4 0.5 105 240 135 

HC-N2 2 
CH4/C2H6/C3H8/N2 

(0.36/0.28/0.16/0.20) 
Diabatic 787±3 143±1 56.5±0.2 1.5 105 240 135 

HC-N2 3 
CH4/C2H6/C3H8/N2 

(0.27/0.21/0.12/0.40) 
Diabatic 786±3 145±12 56.6±1.4 0.5 103 232 129 

HC-N2 4 
CH4/C2H6/C3H8/N2 

(0.27/0.21/0.12/0.40) 
Diabatic 786±3 143±1 56.8±0.2 1.5 103 232 129 

 

 

Figure 112. Frictional pressure drop for hydrocarbon mixtures diluted with nitrogen as a function 
thermodynamic average quality 
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Table 25. Synthetic mixture, composition and test conditions 

Run Mixture & Composition Condition P G Q"  ID Tbubble Tdew ∆Tglide 
 (by volume)  kPa kg/s-m2 kW/m2 mm K K K 

Syn 1 
R-14/R-23/R-32/R-134a 

(0.35/0.15/0.15/0.35) 
Diabatic 789±3 145±12 27.8±1.0 0.5 186 275 89 

Syn 2 
R-14/R-23/R-32/R-134a 

(0.35/0.15/0.15/0.35) 
Diabatic 788±3 145±12 41.7±1.2 0.5 186 275 89 

Syn 3 
R-14/R-23/R-32/R-134a 

(0.35/0.15/0.15/0.35) 
Diabatic 790±3 143±1 27.8±0.2 1.5 186 275 89 

Syn 4 
R-14/R-23/R-32/R-134a 

(0.35/0.15/0.15/0.35) 
Diabatic 790±3 144±1 41.8±0.2 1.5 186 275 89 

Syn 5 
R-14/R-23/R-32/R-134a 

(0.35/0.15/0.15/0.35) 
Diabatic 788±3 242±2 27.8±0.2 1.5 186 275 89 

Syn 6 
R-14/R-23/R-32/R-134a 

(0.35/0.15/0.15/0.35) 
Diabatic 271±3 145±1 27.8±0.2 1.5 159 248 89 

 

 

Figure 113. Frictional pressure drop for synthetic mixtures as a function thermodynamic average quality 
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Table 26. Synthetic mixtures diluted with argon, composition and test conditions. 
Run Mixture & Composition Condition P G Q"  ID Tbubble Tdew ∆Tglide 
 (by volume)  kPa kg/s-m2 kW/m2 mm K K K 

Syn-Ar 1 
R-14/R-23/R-32/R-134a/Ar 

(0.28/0.12/0.12/0.28/0.20) 
Diabatic 788±3 144±12 27.8±1.0 0.5 153 268 115 

Syn-Ar 2 
R-14/R-23/R-32/R-134a/Ar 

(0.28/0.12/0.12/0.28/0.20) 
Diabatic 789±3 144±1 27.8±0.2 1.5 153 268 115 

Syn-Ar 3 
R-14/R-23/R-32/R-134a/Ar 

(0.21/0.09/0.09/0.21/0.40) 
Diabatic 788±3 143±12 27.8±1.0 0.5 129 261 132 

Syn-Ar 4 
R-14/R-23/R-32/R-134a/Ar 

(0.21/0.09/0.09/0.21/0.40) 
Diabatic 789±3 143±1 27.9±0.2 1.5 129 261 132 

 

 
Figure 114. Frictional pressure drop for synthetic mixtures diluted with argon as a function thermodynamic 

average quality 
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Table 27. Binary mixture, composition and test conditions. 
Run Mixture & Composition Condition P G Q"  ID Tbubble Tdew ∆Tglide 
 (by volume)  kPa kg/s-m2 kW/m2 mm K K K 

Bin-1 
CH4/C2H6 

(0.60/0.40) 
Diabatic 784±3 145±12 55.9±1.4 0.5 155 208 53 

Bin-2 
CH4/C2H6 

(0.60/0.40) 
Diabatic 789±3 142±12 86.3±1.7 0.5 155 208 53 

Bin-3 
CH4/C2H6 

(0.60/0.40) 
Diabatic 788±3 145±1 56.8±0.2 1.5 155 208 53 

Bin-4 
CH4/C2H6 

(0.60/0.40) 
Diabatic 786±3 242±2 56.9±0.2 1.5 155 208 53 

Bin-5 
CH4/C2H6 

(0.60/0.40) 
Diabatic 785±3 242±2 85.4±0.3 1.5 155 208 53 

Bin-6 
CH4/C2H6 

(0.60/0.40) 
Diabatic 266±3 241±2 56.7±0.2 1.5 132 185 53 

 

 

Figure 115. Frictional pressure drop for the binary mixture as a function thermodynamic average quality 
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As an exercise to qualitatively understand how the experimental data of zeotropic mixture 

behave, we assume that a homogeneous model is sufficient to describe zeotropic mixtures.  The 

homogeneous theory treats two-phase flow as a pseudo single phase fluid as shown by equation 

(110).  The homogeneous model suggests that the frictional pressure drop can be explained as a 

function of mass flux, friction factor, inside diameter, and mixture density.  The pressure drop 

increases because mass flux (G) and friction factor (f) increase, and diameter (ID) and mixture 

density ( mixtρ ) are reduced.  Mass flux and diameters effects are clear if the experimental data is 

observed because they follow the trends suggested by the homogeneous model.  The mixture 

density may be affected by composition and evaporating pressure.  The density of the vapor 

fraction is proportional to evaporating pressure (Table 11); consequently, as the pressure is 

reduced, the mixture density decreases increasing the pressure drop.  This behavior can also be 

observed in the experimental data.  The friction factor effect is the most complicated to observe 

because it is a function of the Reynolds number and relative roughness.  If the flow is turbulent 

during the entire phase change, between x = 0 and 100% (qualities), the pressure drop behavior 

can be separated into two regions: x = 0 to 85%, and x = 85% to 100%.  In the x = 0 to 85% 

region, the pressure drop increases with increasing vapor fraction reaching a maximum at around 

85%.  This trend is influenced mostly by mixture density.  The mixture density decreases as 

more liquid is evaporated resulting in increase in mixture velocity and pressure drop.  In this 

region, the two-phase friction factor slowly decreases proportional to 
1

4Re− .  As the quality 

increases, mixture density and friction factor compete in their effect on pressure drop.  When the 

quality is greater than 85%, the friction factor dominates because the mixture viscosity 

approaches the viscosity of vapor alone, increasing the Reynolds number; therefore, the friction 

factor and the pressure drop decreases, similar as described by Muller-Steinhagen and Heck [6].  
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This situation is observed in most of the 1.5 mm data.  Difficulties in interpreting that data start 

when part of the two-phase region is laminar because the friction factor is proportional to 

1
2 phRe μ− ∝ ; therefore, friction factor and mixture density compete as the dominant mechanisms.  

This situation produces high pressure drop at low qualities because 2 phμ  is close to the liquid 

viscosity at low qualities increasing the friction factor and the pressure drop even though the 

flow velocity is low.  This phenomenon is observed even at the small diameter (0.5 mm data), 

and it is clearly observed in the synthetic dilution data that basically shows a constant pressure 

drop as a function of quality.  Also, this behavior is partially observed for both the binary and 

hydrocarbon dilution data.  In addition, as can be seen in Figure 112 and Figure 114 for the 

diluted hydrocarbon and the diluted synthetic mixtures, respectively, the frictional pressure drop 

is similar for 20% and 40% dilution; consequently, frictional pressure drop is a weak function of 

the mixture composition 

6.3. Friction factor 

The friction factor for all of the correlations is defined in the laminar region as: 

 64f
Re

=  (108) 

The laminar region is defined by a Reynolds number lower than 1187.  This limit is similar to 

Müller-Steinhagen and Heck [6] criterion.  The turbulent friction factor is given by Zigrang and 

Silvester when Reynolds numbers are greater than 3000.   

 
2

5 02 132
3 7 3 7

relrough . relroughf log log
. Re . Re

−
   = − − +      

 (109) 
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The friction factor on the transition region, 1187 ≤ Re ≤ 3000, is found using linear interpolation 

between the laminar and turbulent models. 

6.4. Frictional pressure drop models comparison 

Researchers of two-phase flow have developed several correlations to predict frictional 

pressure drop.  Most of the general two-phase frictional pressure drop correlations have been 

developed for conventional size channels and pure fluids.  There have been some attempts to 

adjust and modify them for application to pure fluids flowing in mini-channels.  Only a few 

correlations have been reported for mixtures flowing in conventional channels.  Many of the 

proposed models may be grouped in homogeneous and separated flow theories.  Homogeneous 

model treats two-phase flow as a pseudo single phase fluid (Eq. (110)).  

 
2

2
2 2ph

ph mixt

dp Gf
dz ID ρ

  = 
 

 (110) 

The friction factor is determined using conventional friction factor correlations with the two-

phase Reynolds number shown in Eq. (111).   

 2
2

ph
ph

G IDRe
μ

=  (111) 

Many authors have defined different correlations to predict the two-phase viscosity ( 2 phμ ), 

which is required to calculate the two-phase Reynolds number, as an arrangement of liquid and 

vapor viscosity.  Some of the homogeneous models are shown in Table 28.  Cicchitti et al. [5] 

and McAdams et al. [79] are responsible for the most well-known homogeneous models.  Awad 
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and Muzychka [3] propose four models to predict the two-phase viscosity based on the analogy 

used to calculate the thermal conductivity of a composite of two materials. 

Table 28. Homogeneous models 
Author Equation Comments 

Cicchitti et al. [5] ( )2 1ph l,mixt v,mixtx xμ μ μ= − +  Mass average model 
 

McAdams et al. [79] 1

2
1

ph
v,mixt l,mixt

x xμ
μ μ

−
 −= +  
 

 
Mass averaged the reciprocal of the liquid and vapor 
viscosities 
 

Dukler et al. [80] ( )
2

1
ph mixt v,mixt l,mixt

v,mixt l,mixt

xx  μ ρ μ μ
ρ ρ

 −
= + ⋅  

 
 

Obtained from the mass averaged kinematic 
viscosity 
 

Davidson et al. [81] 
2 1 1l,mixt

ph l,mixt
v,mixt

x
ρ

μ μ
ρ

  
= + −      

 
Empirical correlation.  It does not approach to the 
vapor viscosity when the quality is 1.  
  

Beattie and Whalley [82] ( )( )2 1 1 2 5ph l,mixt h h v,mixt h.μ μ α α μ α= ⋅ − + +  

( )1
l,mixt

h
l,mixt v,mixt

x
x x

ρ
α

ρ ρ
=

+ −
 

 

Hybrid model that combine an annular and bubble 
flow correlation.   

Lin et al. [83] 
( )2 1 4

l,mixt v,mixt
ph .

v,mixt l,mixt v,mixtx
μ μ

μ
μ μ μ

=
+ −

 Modification of the McAdams model. Add an 
exponent to the quality to take into account slip 
between the vapor and liquid phase.   
 

Awad and Muzychka [3] 
(Definition 1) 

( )
( )2

2 2
2

l,mixt v,mixt l,mixt v,mixt
ph l,mixt

l,mixt v,mixt l,mixt v,mixt

x
x

μ μ μ μ
μ μ

μ μ μ μ
+ − −

=
+ + −

 
Analogy of Maxwell-Euken for effective thermal 
conductivity on two-component porous material.  
Liquid viscosity greater than vapor viscosity 
 

Awad and Muzychka [3] 
(Definition 2) 

( )( )
( )( )2

2 2 1
2 1

v,mixt l,mixt v,mixt l,mixt
ph v,mixt

v,mixt l,mixt v,mixt l,mixt

x
x

μ μ μ μ
μ μ

μ μ μ μ
+ − − −

=
+ + − −

 
Also based on analogy of Maxwell-Euken equation. 
Vapor viscosity is greater than liquid viscosity.   
 

Awad and Muzychka [3] 
(Definition 3) 

( ) ( )

( ) ( )( )2 2

3 1 2 3
0 25

3 1 2 3 8

v,mixt l,mixt

ph

v,mixt l,mixt l,mixt v,mixt

x x
.

x x

μ μ
μ

μ μ μ μ

− + − 
 =
 + − + − + 

 

 

Based on the “effective medium theory”  

Awad and Muzychka [3] 
(Definition 4) 

( )
( )

( )( )
( )( )

2

2 2
21

2 2 2 1
2 1

l,mixt v,mixt l,mixt v,mixt
l,mixt

l,mixt v,mixt l,mixt v,mixt
ph

v,mixt l,mixt v,mixt l,mixt
v,mixt

v,mixt l,mixt v,mixt l,mixt

x
x

x
x

μ μ μ μ
μ

μ μ μ μ
μ

μ μ μ μ
μ

μ μ μ μ

 + − −
 

+ + − 
=  

+ − − − + + + − − 

 

Average of definition 1 and 2 

 

Separated flow models consider the contribution on the frictional pressure drop of the liquid 

and vapor streams as if they flowed in separate tubes.  The first approach, suggested by Lockhart 

and Martinelli [84], assumes that only a fraction of the mass flow rate flows in each tube.  The 

liquid and vapor fractions flow in the liquid and vapor streams, respectively.  In general, most of 
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the correlations based on this approach may be expressed as the product of liquid frictional 

pressure drop times a two-phase friction multiplier ( 2
lφ ) as shown in Eq. (112). 

 
( )( )2

2 2

2

1
2l l l

ph l l ,mixt

G xdp dp f
dz dz ID

φ φ
ρ
−   = =   

   
 (112) 

Lockhart and Martinelli [84] proposed a graphical method to predict frictional pressure drop 

as a function of a parameter X.  The dimensionless parameter X, also known as Lockhart and 

Martinelli coefficient, is defined as the square root of the ratio of the frictional pressure drop of 

the liquid over the vapor according to: 

 
l v

dp dpX
dz dz

   =    
   

 (113) 

This method separates the flow into four types: (1) liquid and vapor both laminar, (2) laminar 

liquid and turbulent vapor, (3) turbulent liquid and laminar vapor, and (4) liquid and vapor both 

turbulent.  Chisholm [85] converted Lockhart and Martinelli charts into a correlation, which is a 

function of X and the Chisholm parameter, C.  C is defined for each flow condition.  The two-

phase multiplier, 2
lφ , in this case is given by: 

 2
2

11l
C
X X

φ = + +  (114) 

The physical meaning may be noted if equation (112) is expanded and combined with eqns. 

(113) and (114).  The frictional two-phase pressure drop definition results as the sum of liquid, 

vapor and the interphase contributions. 
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2 ph l int v l l v v

dp dp dp dp dp dp dp dpC
dz dz dz dz dz dz dz dz

               = + + = + +               
               

 (115) 

According to the Lockhart and Martinelli flow definitions, most of the experimental data is 

located in the laminar liquid and turbulent vapor condition as shown in Figure 116.  There are 

some data in the liquid and vapor both turbulent region and few data in the liquid and vapor both 

laminar region.  The data distribution suggests that the Chisholm parameter C that is most 

appropriate for the actual data is C = 12, which leads to an AAD of 45%; however, for the actual 

experimental data, the best fit is obtained with a C = 7, which reduces the AAD to 18%.  Figure 

117 shows the ratio of the experimental and the liquid frictional pressure drop as a function of 

the Lockhart and Martinelli coefficient. 

 

Figure 116. Distribution of experimental data according to Lockhart and Martinelli flow conditions 
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Figure 117. Experimental-liquid frictional pressure drop ratio as a function of Lockhart and Martinelli coefficient 
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section, respectively.  This correlation shows a reasonable agreement with 1.5 mm, but it seems 

to decrease too fast for the small diameter.   
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Table 29. Separated flow models, 2
lφ or 2

vφ  multiplier 

Author Equation Comments 

Lockhart and Martinelli 
[84] 

2
2

11l
C
X X

φ = + +  

5C =  laminar liquid/laminar vapor 

10C =  turbulent liquid/laminar vapor 

12C =  laminar liquid/turbulent vapor 

20C =  turbulent liquid/turbulent vapor 
 

Simultaneous flow of air with liquids as benzene, 
kerosene, water and oils.  Tubes with diameters 
between 1.5 to 25.8 mm. 

Mishima and Hibiki [7] ( )( )21 1 319C exp ID= − −  Air/water, ammonia, and R-113/N2. Tubes with 
diameters between 1 to 4 mm 
 

Kawahara et al. [86]  0 24C .=  Water and N2. 100 micrometer tube 
 

Qu and Mudawara [78] ( )( )( )21 1 319 0 00418 0 0613C exp ID . G .= − − +  Water. Square multi channels 231 x 713 
micrometers 
 

Sun and Mishima [4]  
( ) 0 15326 1 1000 1

0 27 0 8l
.C Re / exp

. La .
  = ⋅ + ⋅ − −  ⋅ +  

 

2
1 19 2

11l .
C

X X
φ = + +  

( )
0 5

0 4 11 79
.

.
v l

xC . Re / Re
x
− = ⋅ ⋅ 

 
 

 

R-123, R-134a, R-22, R-236ea, R-245fa, R-404a, 
R-407C, R-410a, R-507, CO2, water and air. 
Channels with hydraulic diameter ranges from 
0.506 to 12 mm. 

Lee et al. [87] ( )( ) 1 85121 6 1 22 7 .C . exp . Bo x= − −  Water, n-pentane, ammonia, CO2, R-410a, R-134a, 
R-12 and R-22.  Hidraulic diameter 0.35, 0.81, 
0.89, 1.46, 2, 2.46, 8 and 13.8 mm   
 

Hwang and Kim [88]  0 452 0 32 0 820 227 . . .
loC . Re X La− −=  R-134.  Tubes with inner diameters of 0.244, 

0.430, and 0.792 mm. 
. 

   
Gronnerud [75] 

( )( ) ( )
2 1 8 10 0 5

0 251 4 1. . l,mixt v,mixt
l ,G Fr Fr .

l,mixt v,mixt

/
f x x x f

/
ρ ρ

φ
μ μ

 
 = + + − −
 
 

 

( )( )20 3 0 0055 1 1
1 1

.
lo lo lo

Fr

lo

Fr . ln / Fr if Frf
if Fr

 + ⋅ <= 
≥

 

 

Chawla [76] 19 8

2 11
/

v ,Chawla
c l,mixt v,mixt

x
x e /

φ
ρ ρ

 −= +  
 

 

1 3

3 3
1 2

1 1
/

c
c c

e
e e

−
 

= + 
 

 

( ) ( )1 0 9592clog e . log B= +  

( ) ( )( ) ( )2 0 1675 0 055 0 67clog e . . log relrough log B .= − −  

( )
0 9 0 5

1 61
. .

/ v,mixt v,mixt
l l

l,mixt l,mixt

xB Re Fr
x

ρ μ
ρ μ

−    −=       
   

 

 

 



178 
 

 

Kawahara et al. [86] reported a C value of 0.24 for their data.  This small value agrees with 

Mishima and Hibiki observation that C decreases as the diameter decreases.  Qu and Mudawara 

[78] propose to add to the Mishima and Hibiki [7] correlation a factor that is a function of the 

mass flux.  According to the results showing on Table 31, Qu and Mudawara perform worse than 

those Mishima and Hibiki for the actual data; consequently mass flux does not seem to be 

relevant to predict C.  Sun and Mishima [4] present two equations.  One is valid when both the 

liquid and vapor are laminar; in that case, they propose a correlation for C that is a function of 

Laplace number (La).  When the liquid or vapor or both are turbulent, Sun and Mishima propose 

a new multiplier ( 2
lφ ) and C factor, which is a function of quality and the ratio of liquid and 

vapor Reynolds numbers.  As shown in Figure 116, most of the data have at least the vapor 

component turbulent; consequently, only the turbulent proposition is tested.  Lee et al. [87] and 

Hwang and Kim [88] propose Chisholm parameter correlations that are a function of 

dimensionless number used to characterize mini-channels.  This approach does not seem to work 

well with the experimental data presented. 

The second approach based on the separated flow theory, similar to that used by Chisholm 

[89], implies that the whole mass flow rate flows in both the liquid and vapor tubes.  In this case, 

the correlations relate the frictional pressure drop of the whole mass flow rate as a liquid and a 

two-phase friction multiplier 2
loφ  as shown in Eq. (116). 
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2

2 2

2 2lo lo lo
ph lo l ,mixt

dp dp Gf
dz dz ID

φ φ
ρ

   = =   
   

 (116) 

Chisholm [89] transformed the graphical procedure of Baroczy [90] into a correlation that is a 

function of a physical properties coefficient ( Γ ) .  The coefficient Γ  is similar to the Lockhart 

Martinelli coefficient; however, it represents the ratio between vapor and liquid (instead liquid 

and vapor for X), and it is based on the idea that the whole fluid behaves as liquid and vapor and 

not simply the individual fractions.  The coefficient Γ  is shown by Eq. (117). 

 
vo lo

dp dp
dz dz

Γ    =    
   

 (117) 

Table 30 shows some of the existing correlations that predict the two-phase friction multiplier 

2
loφ    
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Table 30. Separated flow models, 2
loφ  multiplier 

Author Equation Comments 

Chisholm [91] ( ) ( )( )0 8752 2 0 875 1 751 1 1 .. .
lo,Chisholm B x x xφ Γ= + − − +  

4 8B .=  if 9 5.Γ ≤  & 2500G kg m s ≤     

2400B / G=  if 9 5.Γ ≤  & 2500 1900G kg m s < <    

0 555 .B / G=  if 9 5.Γ ≤  & 21900G kg m s ≥    

( )0 5520 .B / GΓ=  if 9 5 28. Γ< <  & 2600G kg m s ≤    

21B / Γ=  if 9 5 28. Γ< <  & 2600G kg m s >    

2 0 5.B GΓ= if 28Γ ≥  
 

 

Friedel [92] 
( ) ( ) 0 91 0 19 0 70 2240 78

22 2 2
0 045 0 035

2 2

3 24 1
1 1

. . ...
l,mixt v,mixt v,mixt

lo,Friedel . .
ph ph v,mixt l,mixt l,mixt

. x x
x x

Fr We
ρ μ μ

φ Γ
ρ μ μ

     −
= − + + −          

     
 

 

 

Chen et al. [93]  2 2
lo,Chen lo,Friedelφ φ Ω=  

( )( )
0 45

0 090 0333
1 0 4 4

.
lo

.
v

Re.
Re . exp Eo /

Ω =
+ −

 for 10Eo <  

0 2
2

2 5 0 015

.
phWe

. . Eo
Ω =

+
 for 10Eo ≥  

 

 

Zhang and Webb [94] 
( ) ( )

1 64
2 0 252 2 0 81 2 87 1 68 1

.
..c c

lo ,Z&W
P Px . x . x x
P P

φ    = − + + −   
   

 

 

 

Tran et al. [95] ( ) ( )( )0 8752 2 0 5 0 875 1 751 4 3 1 1 .. . .
lo,Tran . Eo x x xφ Γ −= + − ⋅ ⋅ − +  

 

 

Müller-Steinhagen and 
Heck [6] 

( )( )( )1 32 2 2 31 2 1 1 /
lo ,MS &H x x xφ Γ Γ= + − − +  

 

 

Sami and Duong [74] ( )1 7642 1 248 41 1 . .
lo ,S&D tt. x Xφ −= −  

 

 

Jung and Radermacher 
[73] ( )

0 7232
0 4772 1 32330 78 1

.
. avg.

lo,J &R
c

P
. x x

P
φ

−
 

= −  
 

 

 

 

Souza and Pimenta [96] ( ) ( )2 2 1 75 0 41261 1 1 0 9524. .
lo,S&P x . Xφ Γ Γ= + − +  

 

 

Cavallini et al. [97] ( )22 2 2 0 6978
0 14581 1 262 .

lo ,C .
vo

Hx x . x
We

φ Γ= − + +  

0 3278 1 181 3 477

1
. . .

l,mixt v,mixt v,mixt

v,mixt l,mixt l,mixt

H
ρ μ μ
ρ μ μ

−
     

= −          
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The frictional pressure drop data are compared with the existing correlations show in Tables 

7, 8 and 9.  The AADs of the experimental data against the reported correlations are shown in 

Table 31.  The results are delineated by mixture and by tube diameter.  The Müller-Steinhagen 

and Heck correlation [6], one of the most referenced correlation on the literature, shows good 

agreement for all of the mixtures flowing on the 1.5 mm test section.  Also, Müller-Steinhagen 

and Heck predicts hydrocarbons and their dilutions on the 0.5 mm test section; however, the 

prediction for synthetic refrigerants and their dilutions do not seem to be good enough.  The poor 

correlation for synthetic mixture is likely due to the Müller-Steinhagen and Heck being based on 

the assumption that most fluids behave similarly as a function of quality; however, as the 

diameter is reduced, most of two-phase region of the synthetic dilution mixture is in a laminar 

flow condition incrementing the pressure drop at low qualities.     
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Table 31. AADs of the experimental data against the reported correlations 
              
Correlations Binary HC HC+N2 Syn Syn+Ar All data 
 0.5 1.5 0.5 1.5 0.5 1.5 0.5 1.5 0.5 1.5 0.5 1.5 All 
Homogeneous              
Cicchitti 21% 14% 29% 10% 30% 15% 19% 20% 30% 12% 26% 14% 18%
McAdams 33% 37% 28% 40% 47% 42% 62% 46% 60% 44% 46% 42% 44%
Dukler 39% 43% 32% 46% 49% 44% 64% 48% 61% 46% 49% 46% 47%
Davidson     
Beattie & Whalley 30% 34% 27% 39% 39% 34% 57% 39% 55% 39% 42% 38% 39%
Lin 28% 31% 26% 35% 44% 39% 61% 43% 58% 42% 44% 39% 40%
Awad & Muzychka 1 17% 15% 24% 10% 20% 15% 17% 19% 21% 14% 20% 15% 17%
Awad & Muzychka 2 24% 28% 24% 31% 40% 35% 58% 38% 55% 38% 41% 34% 37%
Awad & Muzychka 3 18% 17% 27% 14% 27% 21% 30% 23% 30% 27% 28% 20% 23%
Awad & Muzychka 4 16% 19% 19% 15% 24% 22% 36% 23% 32% 24% 26% 20% 22%
              
Separated flow     
Lockhart & Martinelli 70% 32% 73% 19% 71% 44% 46% 40% 54% 49% 63% 35% 45%
Mishima & Hibiki 30% 19% 25% 28% 28% 14% 42% 9% 39% 20% 32% 18% 23%
Kawahara 62% 72% 55% 71% 61% 63% 70% 65% 66% 58% 62% 66% 65%
Qu & Mudawara 41% 25% 28% 38% 39% 18% 52% 18% 49% 16% 41% 24% 30%
Sun & MIshima 18% 21% 25% 19% 23% 15% 9% 12% 17% 22% 19% 17% 18%
Lee 112% 81% 143% 90% 191% 264% 274% 270% 416% 427% 231% 224% 226%
Hwang & Kim 41% 18% 31% 34% 44% 32% 51% 31% 56% 170% 44% 53% 50%
Gronnerud 39% 44% 45% 31% 56% 25% 44% 26% 63% 22% 51% 28% 36%
Chawla 83% 125% 147% 81% 62% 115% 18% 42% 21% 32% 70% 74% 72%
              
Friedel 71% 13% 69% 15% 102% 22% 100% 50% 121% 63% 93% 33% 55%
Chen 66% 65% 66% 74% 69% 71% 73% 66% 104% 77% 75% 71% 73%
Zhang and Webb 129% 72% 140% 158% 412% 178% 183% 189% 92% 27% 205% 141% 164%
Chisholm 89% 96% 105% 80% 32% 43% 22% 36% 25% 26% 53% 54% 54%
Tran 506% 186% 565% 184% 338% 160% 112% 96% 87% 99% 320% 143% 206%
Müller-Steinhagen & Heck 16% 10% 19% 13% 21% 19% 42% 17% 38% 23% 28% 17% 21%
Sami & Duong 30% 32% 41% 54% 37% 45% 48% 46% 55% 56% 43% 48% 46%
Jung & Radermacher 169% 48% 166% 43% 432% 190% 310% 185% 227% 103% 272% 119% 173%
Cavallini 203% 60% 265% 125% 760% 319% 703% 453% 884% 427% 588% 291% 396%
Souza & Pimenta 45% 57% 42% 45% 65% 58% 77% 60% 79% 68% 62% 56% 58%
     

 

In Table 31, it is noted that the best homogeneous models are the correlations of Cicchitti [5] 

and the first definition of Awad and Muzychka [3] with overall predictions of AAD = 18% and 

AAD = 17%, respectively.  The Cicchitti model predicts the data flowing in the 1.5 mm (AAD = 

14%) better than in the 0.5 mm test section (AAD = 26%).  The Awad and Muzychka 1 
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correlation is more consistent than Cicchitti for all of the mixtures and diameters (AAD = 15% 

for 1.5 mm and AAD = 20% for 0.5 mm).  Mishima and Hibiki [7] and Sun and Mishima [4] 

have the best predictions for the separated flow models presented in Table 29.  Mishima and 

Hibiki [7] show an overall AAD = 23%,; however, the prediction for the 0.5 mm test section is 

not as good as it is for the 1.5 mm test section.  Sun and Mishima [4] is more consistent showing 

AAD = 19%, 17% and 18% for the 0.5 mm, 1.5 mm and overall data.   

Figure 118 to Figure 121 show the best four correlations for prediction of two-phase frictional 

pressure drop during boiling of zeotropic mixtures flowing in horizontal mini-channels.  Cicchitti 

[5], Awad and Muzychka (definition 1) [3], Sun and Mishima [4] and Müller-Steinhagen and 

Heck [6] predictions are plotted against the collected data in log-log plot with ±25% lines shown. 

 

Figure 118. Measured vs predicted frictional pressure drop using Müller-Steinhagen and Heck correlation 
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Figure 119. Measured vs predicted frictional pressure drop using Cicchitti homogeneous model 
 

 

Figure 120. Measured vs predicted frictional pressure drop using Awad and Muzychka homogeneous model 
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Figure 121. Measured vs predicted frictional pressure drop using Sun and Mishima correlation 

 

Figure 122 shows the relative error of the Awad and Muzychka (definition 1) homogeneous 

model, the best correlation identified by this work, as a function of the average thermodynamic 

quality.  When the quality is greater than 50%, the frictional pressure drop prediction improves 

keeping the relative errors peaks below 40%.  The error in the prediction of the frictional 

pressure drop increases as the quality decreases.  When the quality is between 25 and 50% the 

relative errors peaks increase up to 75%, and a greater dispersion is observed between qualities 

of 0 and 25%.   
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Figure 122. Relative error of Awad and Muzychka model as a function of average thermodynamic quality 

 

Cicchitti is the best model for prediction of  the data collected in the 1.5 mm test section.  Sun 

and Mishima show the best prediction for the 0.5 mm test section.  The Awad and Muzychka 

(definition 1) correlation has the overall better prediction.  Awad and Muzychka (definition 1) 

predict 86% of the experimental data with a relative error lower than 30%.  Awad and Muzychka 

(definition 1) perform better than Sun and Mishima and Cicchitti in that they only predict 83% of 

the data points with a relative error lower than 30%, according to Table 32. 
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7. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

7.1. Experimental test facility 

An experimental test facility able to measure heat transfer coefficient for zeotropic mixtures 

during boiling have been designed and built.  The test facility is also able to measure pressure 

drop under diabatic and adiabatic conditions.  The design process that includes component and 

instrumentation selection that allow to measured heat transfer coefficient with the required 

accuracy is presented.  The actual test facility is described and it is able to fulfill with the design 

parameters.  Accurate measurements of inner diameter of the test section and surface roughness 

are performed and reported.  Also, it is indicated the reduction data procedure and the 

uncertainty analysis of the measurement.  

The heat transfer measurement was validated testing single-phase pure nitrogen and 

comparing the heat transfer coefficient measurement with values predicted using well-known 

single-phase correlations.  In addition, it is verified the repetition of the measurement testing a 

selected mixture while the system is cooled and when is warmed under the same tested 

conditions.  Also, the isothermal copper block assumption is verified.  The pressure drop 

measurement has been calibrated using single-phase pure nitrogen and well-known friction 

factor correlation for turbulent single-phase.  The pressure drop measurement is validated testing 

superheated single-phase vapor of the tested mixtures and comparing with appropriate frictional 

pressure drop correlation. 

In conclusion, the experimental test facility shown in this report is able to measure heat 

transfer coefficient and pressure drop of boiling zeotropic mixtures in a horizontal test section.  
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The heat transfer coefficient measurements have been shown to be accurate (with an uncertainty 

lower than 10%) and repeatable. 

7.2. Heat transfer coefficients 

The experimental test facility described in this document provides local heat transfer 

coefficient data for zeotropic mixtures for a range of temperatures between 100 K and room 

temperature with an uncertainty lower than 10%.  Five mixtures are tested:  A methane, ethane, 

and propane mixture (hydrocarbon mixtures) with molar composition of 45%, 35% and 20%, 

respectively.  The hydrocarbon mixture is diluted with 20% and 40% of nitrogen.  A synthetic 

refrigerant mixture (35% R-14, 15% R-23, 15% R-32, and 35% R-134a) is tested.  The synthetic 

refrigerant mixture diluted using argon also is measured.  The fifth mixture is a binary mixture 

formed by methane and ethane, 40% and 60% by volume.  Most of the experimental data 

obtained with this test facility are representative of the boiling of mixtures in the range of 

thermodynamic qualities between 10 and 90%.  It is considered a two-phase measurement when 

the inlet and the outlet of the test section are in presence of two-phase flow avoiding disturbed by 

the presence of subcooled liquid in the inlet and superheated vapor at the outlet of the test 

section.  Dry out is observed to occur when the quality at the outlet of the test section is over 

85%.  For some mixtures and condition, a dry out around a quality of 80% at the outlet condition 

is observed.  The concentration of the mixture changes as the mixture moves through two-phase 

region because some of the component condenses out of circulation; consequently, the mixture 

composition is sample periodically during the test. 

The heat transfer coefficient for the 0.5, 1.5, and 3.0 mm test section and for the mixtures 

tested is dominated by convective boiling for all of the gas mixtures tested, independent of heat 
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flux.  Decreasing the evaporating pressure moves the two-phase region to the coldest zone, but 

the temperature glide is constant.  The evaporating pressure does not seem to have a big impact 

in the evaluated mixtures because they exhibit a similar trend.  However, the experimental results 

suggest that as the pressure is reduced, the heat transfer coefficient increases slightly.  The heat 

transfer coefficient increment may be related to changes in fluid properties as fluid liquid 

viscosity and vapor density than seem to be more affected by pressure changes.  Dilution of both 

hydrocarbon and synthetic refrigerant mixtures increases the temperature glide, and deteriorates 

the heat transfer coefficient.  The temperature glide may be increased up to 50 K and the heat 

transfer coefficient is reduced about 20% and 40% for the 20% and 40% dilution, respectively.  

As the convective boiling is dominant, it is expected an increment of the heat transfer coefficient 

as the diameter is reduced.  Binary and hydrocarbon mixtures show an unexpected behavior for 

the data collected in the 3.0 mm test section because the heat transfer coefficient is higher in the 

3.0 mm for qualities lower than 50%.  This phenomenon may be explained because the 3.0 mm 

test section is big enough to allow liquid flowing between the bubbles and the wall accelerating 

the flow and producing an enhancement of the heat transfer coefficient.  The surface roughness 

seems to have an impact in the heat transfer coefficient as the thermodynamic quality is reduced 

to values below 40%.  At high qualities, when annular flow is supposed to be present, the change 

of surface roughness does not produce any significant effect on the heat transfer coefficient.   

The usefulness of currently available correlations for heat transfer is evaluated.  Traditional 

heat transfer correlation for boiling of pure fluids as Chen, Liu and Winterton, and Gungor and 

Winterton are not suitable to predict the heat transfer coefficient of the mixtures tested.  The pure 

fluids models include the superposition of nucleate and convection boiling, but the boiling 

process of the mixtures tested is dominated by convective boiling.  The evaluation of the 
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traditional model, but only taking into account the convection component seems to work better, 

especially the model of Chen.  Models developed to predict boiling of binary mixtures as 

Kandlikar and Bennett and Chen also do not show reasonable results in comparison with the 

experimental data.  The annular models based on Silver, Bell and Ghally provide a good 

prediction of the experimental data.  The Granryd correlation provides the best prediction the 

current data with an AAD of around 15% and predicting more than 87% of the data points with a 

relative error lower than 30%.  Granryd makes a good job with 1.5 and 3.0 test sections 

predicting more than 90% within 30%.  As the diameter decreases, the prediction becomes less 

accurate.  97% of the data for 3.0 mm, 91% for 1.5 mm and 69% for 0.5 mm are calculated with 

a relative error lower than 30% using Granryd.  The Little correlation is the second best with an 

AAD of 18% and predicting 82% of the data within 30%.  Also, Granryd and Little accuracy is 

verified by comparing with the data provided by Nellis et al. [30].  Both models show good 

agreement with Nellis data having AADs of 18% for Granryd and 19% for Little.   

Little shows poor performance to predict heat transfer data for lower qualities and lower 

Reynolds number predicting less than 50% of the data with 25% of relative error.  Granryd is 

clearly better predicting heat transfer coefficient in that range because it is able to predict at least 

70% of the data with a relative error low than 25%.  In conclusion, Granryd correlation is 

recommended to be used to predict heat transfer coefficient of zeotropic mixtures because its 

prediction are less dependent of flow conditions.   

7.3. Frictional pressure drop 

A large set of frictional pressure drop data for boiling zeotropic mixtures with large 

temperature glides flowing in horizontal tubes of 0.5 mm and 1.5 mm diameters have been 



191 
 

collected.  The Rouhani-Axelsson void fraction model works well as an input to estimate the 

acceleration term of the pressure drop for the mixtures tested.  The experimental data show a 

significant impact of reducing the diameter because a part of the two-phase region becomes 

laminar, incrementing the friction factor and the pressure drop at low qualities.  Composition of 

the mixture does not seem to be a key factor in the frictional pressure drop. 

The Lee et al. [87], Hwang and Kim [88], Chen et al. [93] and Tran et al. [95] correlations 

include as a parameter the Eotvos, Bond or Laplace number to take into account the different 

behavior that should present in the flow flowing in mini-channels.  These correlations show poor 

results, especially Lee et al. [87], and Tran et al. [95].  For the mixture tested, the frictional 

pressure drop during boiling does not seem to be a function of one of these dimensionless 

numbers or at least not in the way that these correlations proposed. 

It is necessary to include some mixture properties to adequately predict frictional pressure 

drop for zeotropic mixtures with large temperature glide.  The Zhang and Webb [94] and Jung 

and Radermacher [73] correlations are only a function of quality, and evaporative and critical 

pressures.   Zhang and Webb [94] and Jung and Radermacher [73] show AADs of 164% and 

173%, respectively. 

The Chisholm parameter C shows some dependence on channel diameter as suggested by 

Mishima and Hibiki [7].  Also, C appears to be a function of quality and the ratio of liquid and 

vapor viscosity according to the correlation proposed by Sun and Mishima [4]. 

Awad and Muzychka (definition 1) [3] show the best prediction for the overall experimental 

data with an AAD of 17% and the second best is Sun and Mishima [4] (AAD = 18%).  Cicchitti 

et al. [5] provide the best prediction of the data collected in the 1.5 mm test section with an AAD 
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of 14% and Sun and Mishima [4] has the top performance for the 0.5 mm test section.  Müller-

Steinhagen and Heck [6] and Mishima and Hibiki [7] correlations have a reasonable agreement 

with the experimental data, but this agreement is better with the data collected on the 1.5 mm test 

section.  We recommend the use of the Awad and Muzychka (definition 1) [3] homogeneous 

model because it requires only liquid and vapor viscosity, quality and mixture density.  Also, the 

Awad and Muzychka (definition 1) correlation predicts more data with low relative error. 

7.4. Future work 

Surface roughness seems to play a significant role in the heat transfer coefficient at low 

qualities values.  Flow regime may change as different diameter and mixtures are tested during 

boiling.  Some experimental results suggest that flow regime influence heat transfer coefficient.  

It will be a real input to the state of the art of multi-phase multi-component flow designing an 

experiment that allows visualizing flow regimes and relates these results with some flow 

parameters. 

It is suggested to use the actual experimental facility to measure heat transfer coefficient and 

frictional pressure drop for boiling zeotropic multi-component mixtures varying the inclination 

of the test section.  The inclination of the test section may be gradually varied from horizontal (0 

degrees) to vertical (90 degrees).  This measurement does not require any major modifications.  

Also, it is possible to test different channel geometries.  

This study has provided experimental data for heat transfer coefficient and frictional pressure 

drop for boiling zeotropic mixtures.  Heat transfer coefficient and frictional pressure drop 

correlations have been validated for the tested mixtures and geometries.  Some applications as 

Joule-Thomson cycles involve heat exchanger that in one side has boiling mixture and in the 
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other has condensing mixtures.  Also, there are limited data and correlations to predict heat 

transfer coefficient for condensing zeotropic mixtures.  It is required to measure heat transfer 

coefficient during condensation. 

Some problems have been experienced during the collection of experimental data because of 

the freezing of zeotropic mixtures in the coldest location of the experimental facility.  It will be 

useful for optimization techniques of the mixture to know which the freezing points of zeotropic 

mixtures are, and how freezing point may be predicted. 
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Appendix A: Numerical model of conduction on the test section 

A numerical model of the thermal behavior of the test section is formulated to evaluate the 

effect of assuming an isothermal wall tube in the calculation of the heat transfer coefficient.  A 

finite element method in cylindrical coordinates is used to develop the numerical model.  

Triangular elements are used, and linear basis functions.  The purpose of the numerical model is 

to find an approximate solution of a given boundary-value problem.  The basis of this method is 

the representation of the region of calculation by a finite number of subvolumes, where a spaced 

grid of nodes replaces a conduction region. These nodes are the location where the solution is 

computed.  The left side of Figure 123 shows a two-dimensional region subdivided into finite 

elements.  The mesh of the test section is generated using the packed model provided by Matlab.  

The original mesh is refined to improve the representation of the solution, which is shown in the 

right side of Figure 123.  The region is formed by two subregions: copper block and stainless 

steel tube. 

 

Figure 123. Mesh of the test section.  Original (right) and refined (left) 
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This is a steady state problem two dimensional problem in cylindrical coordinates.  The 

governing equation of the system is given by Eq. (118): 

 
( ) ( )1 0r zk rT k T

r r z
∂ ∂

+ =
∂ ∂

 (118) 

The finite element model using cylindrical coordinate is described by Myers (1987).  The 

boundary conditions that define this problem are shown in Figure 124.  They include fluidQ
⋅

, 

which is applied at the outer surface of the copper block (S3). fluidQ
⋅

  is obtained according to Eq. 

(61).  fluidQ
⋅

 is the result to subtract the radiation and conduction losses from appliedQ
⋅

.  The gas 

mixture flowing inside of the tube removes heat from the inner wall tube (S6).  In addition, it is 

assumed that there are no radiation losses between the copper, the stainless steel tube and the 

surroundings because they were discount previously.  Consequently, the others surfaces (S1, S2, 

S4, and S5) are assumed to be adiabatic 
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Figure 124. Boundary conditions 

Two set of data are required to solve this problem.  One of the files, called the geometry file, 

contains information related with the sub-regions, boundary segments and the sub-volumes.  This 

information is summarized in three matrices (point, element and triangular).  The other file is the 

input data file, which is formed by the temperature and pressure in the inlet and outlet of the test 

section, fluidQ
⋅

, mass flow rate, mixture and composition, thermal conductivity of copper and 

stainless steel (SS304) as a function of temperature, the calculated heat transfer coefficient using 
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the isothermal wall assumption.  Figure 125 shows a schematic summarizing how the problem is 

solved: 

 

Figure 125. Schematic summary how the problem is solved 

Initial values for the fluid temperature, heat transfer coefficient, and specific heat of the gas 

mixture are estimated:  The fluid temperature is assumed to be constant and equal to (TB) in the 

tube up to where the copper block is located.  A constant gradient is assumed in the copper block 

achieving the outlet temperature (TC) where the block copper finishes.  TC Is kept constant up to 

the end of the tube.  The initial heat transfer is assumed to be equal to the heat transfer 

coefficient calculated assuming isothermal wall.  The specific heat of the gas mixture, as a first 
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approach, is kept constant through the whole test section, and it is the measured average specific 

heat.  The measured average specific heat of the fluid is given by: 

 
( )

fluid
fluid

out in

Q
Cp

m T T

⋅

⋅=
−

 (119) 

Solving the finite element model, the temperatures in each node of the copper block and the 

stainless steel tube are known.  Performing an energy balance in each element of the inner wall 

tube the new temperature profile for the fluid through the tube is obtained.  This loop is repeated 

to minimize the temperature profile and the new temperature profile for the fluid according to: 

 ( ) ( ) [ ]1 0 1fluid fluidi i
T z T z  .  K

+
 − <  (120) 

In addition, the new local specific heat for the mixture is calculated using REFPROP after each 

iteration.  The specific heat for the mixture is given by 

 
p

hCp
T

∂ =  ∂ 
 (121) 

The specific heat for the mixture is a function of the local fluid temperature and pressure.  A 

linear pressure drop is assumed in the test section.  The calculated specific heat using REFPROP 

is corrected to match the measured average specific heat. 
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 (122) 
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Once the fluid temperature fulfills the criterion indicated above, a new heat transfer 

coefficient is proposed.  The iterative process continues up to minimize the difference between 

the calculated and measured block average temperature.  The optimization is performed using the 

bisection method.  The lower and upper limit are 0 75 isothermal.  htc  and 1 25 isothermal.  htc  respectively.  

When the minimization is achieved the new heat transfer coefficient is obtained.  As an example, 

Figure 126 shows the numerical result for the wall tube and fluid temperature as a function of 

axial position (z-coordinate). 

 

Figure 126. Wall tube and fluid temperature as a function of axial position (z-coordinate) 
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Appendix B: Binary mixture experimental data 
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B.1  Diameter effect 

 
Figure 127. heat transfer coefficient as a function of average temperature, Diameter effect, binary mixture, G = 

144 kg/m2-s, P = 790 kPa, Q" = 56 kW/m2, Runs 30,35 and 37 

 
Figure 128. heat transfer coefficient as a function of average quality, Diameter effect, binary mixture, G = 144 

kg/m2-s, P = 790 kPa, Q" = 56 kW/m2, Runs 30,35 and 37 
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B.2  Heat flux effect, ID = 0.5 mm 

 
Figure 129. heat transfer coefficient as a function of average temperature, heat flux effect, binary mixture, G = 144 

kg/m2-s, P = 790 kPa, ID = 0.5 mm, Runs 30 and 31 

 
Figure 130. heat transfer coefficient as a function of average quality, heat flux effect, binary mixture, G = 144 

kg/m2-s, P = 790 kPa, ID = 0.5 mm, Runs 30 and 31  
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B.3  Heat flux effect, ID = 1.5 mm 

 
Figure 131. heat transfer coefficient as a function of average temperature, heat flux effect, binary mixture, G = 240 

kg/m2-s, P = 790 kPa, ID = 1.5  mm, Runs 32 and 33 

 

Figure 132. heat transfer coefficient as a function of average quality, heat flux effect, binary mixture, G = 240 
kg/m2-s, P = 790 kPa, ID = 1.5 mm, Runs 32 and 33  
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B.4  Heat flux effect, ID = 3.0 mm 

 
Figure 133. heat transfer coefficient as a function of average temperature, heat flux effect, binary mixture, G = 144 

kg/m2-s, P = 790 kPa, ID = 3.0  mm, Runs 36 and 37 

 
Figure 134. heat transfer coefficient as a function of average quality, heat flux effect, binary mixture, G = 144 

kg/m2-s, P = 790 kPa, ID = 3.0 mm, Runs 36 and 37  
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B.5  Pressure effect 

 
Figure 135. heat transfer coefficient as a function of average temperature, pressure effect, binary mixture, G = 240 

kg/m2-s, Q" = 56 kW/m2, ID = 1.5  mm, Runs 33 and 34 

 
Figure 136. heat transfer coefficient as a function of average quality, pressure effect, binary mixture, G = 240 kg/m2-

s, Q" = 56 kW/m2, ID = 1.5  mm, Runs 33 and 34  
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B.6  Mass flux effect 

 
Figure 137. heat transfer coefficient as a function of average temperature, mass flux effect, binary mixture, P = 790 

kPa, Q" = 56 kW/m2, ID = 1.5  mm, Runs 33 and 35 

 
Figure 138. heat transfer coefficient as a function of average quality, mass flux effect, binary mixture, P = 790 kPa, 

Q" = 56 kW/m2, ID = 1.5  mm, Runs 33 and 35  
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Appendix C: Hydrocarbons mixture experimental data 
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C.1  Diameter effect (0% N2) 

 
Figure 139. heat transfer coefficient as a function of average temperature, Diameter effect, hydrocarbon mixture (no 

dilution), G = 144 kg/m2-s, P = 790 kPa, Q" = 56 kW/m2, Runs 1, 9 and 13 

 
Figure 140. heat transfer coefficient as a function of average quality, Diameter effect, hydrocarbon mixture (no 

dilution), G = 144 kg/m2-s, P = 790 kPa, Q" = 56 kW/m2, Runs 1, 9 and 13  
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C.2  Diameter effect (20% N2) 

 
Figure 141. heat transfer coefficient as a function of average temperature, Diameter effect, hydrocarbon mixture 

(20% dilution), G = 144 kg/m2-s, P = 790 kPa, Q" = 56 kW/m2, Runs 3, 10 and 14 

 
Figure 142. heat transfer coefficient as a function of average quality, Diameter effect, hydrocarbon mixture (20% 

dilution), G = 144 kg/m2-s, P = 790 kPa, Q" = 56 kW/m2, Runs 3, 10 and 14  
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C.3  Diameter effect (40% N2) 

 
Figure 143. heat transfer coefficient as a function of average temperature, Diameter effect, hydrocarbon mixture 

(40% dilution), G = 144 kg/m2-s, P = 790 kPa, Q" = 56 kW/m2, Runs 4, 11 and 15 

 
Figure 144. heat transfer coefficient as a function of average quality, Diameter effect, hydrocarbon mixture (40% 

dilution), G = 144 kg/m2-s, P = 790 kPa, Q" = 56 kW/m2, Runs 4, 11 and 15  
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C.4  Heat flux effect (0.5 mm) 

 
Figure 145. heat transfer coefficient as a function of average temperature, heat flux effect, hydrocarbon mixture (No 

dilution), G = 144 kg/m2-s, P = 790 kPa, ID = 0.5 mm, Runs 1 and 2 

 
Figure 146. heat transfer coefficient as a function of average quality, heat flux effect, hydrocarbon mixture (No 

dilution), G = 144 kg/m2-s, P = 790 kPa, ID = 0.5 mm, Runs 1 and 2  
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C.5  Heat flux effect (1.5 mm) 

 
Figure 147. heat transfer coefficient as a function of average temperature, heat flux effect, hydrocarbon mixture (No 

dilution), G = 144 kg/m2-s, P = 270 kPa, ID = 1.5 mm, Runs 5 and 6 

 
Figure 148. heat transfer coefficient as a function of average quality, heat flux effect, hydrocarbon mixture (No 

dilution), G = 144 kg/m2-s, P = 270 kPa, ID = 1.5 mm, Runs 5 and 6  
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C.6  Heat flux effect (3.0 mm) 

 
Figure 149. heat transfer coefficient as a function of average temperature, heat flux effect, hydrocarbon mixture (No 

dilution), G = 144 kg/m2-s, P = 790 kPa, ID = 3.0 mm, Runs 12 and 13 

 
Figure 150. heat transfer coefficient as a function of average quality, heat flux effect, hydrocarbon mixture (No 

dilution), G = 144 kg/m2-s, P = 790 kPa, ID = 3.0 mm, Runs 12 and 13  
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C.7  Pressure effect  

 
Figure 151. heat transfer coefficient as a function of average temperature, pressure effect, hydrocarbon mixture (no 

dilution), G = 144 kg/m2-s, Q" = 56 kW/m2, ID = 1.5 mm, Runs 7 and 9 

 
Figure 152. heat transfer coefficient as a function of average quality, pressure effect, hydrocarbon mixture (no 

dilution), G = 144 kg/m2-s, Q" = 56 kW/m2, ID = 1.5 mm, Runs 7 and 9  
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C.8  Mass flux effect  

 
Figure 153. heat transfer coefficient as a function of average temperature, mass flux effect, hydrocarbon mixture (no 

dilution), P = 270 kPa, Q" = 56 kW/m2, ID = 1.5 mm, Runs 7 and 8 

 
Figure 154. heat transfer coefficient as a function of average quality, mass flux effect, hydrocarbon mixture (no 

dilution), P = 270 kPa, Q" = 56 kW/m2, ID = 1.5 mm, Runs 7 and 8  
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C.9  Composition effect (0.5 mm) 

 
Figure 155. heat transfer coefficient as a function of average temperature, Composition effect, hydrocarbon mixture, 

G = 144 kg/m2-s, P = 790 kPa, Q" = 56 kW/m2, ID = 0.5 mm, Runs 1, 3 and 4 

 
Figure 156. heat transfer coefficient as a function of average quality, Composition effect, hydrocarbon mixture, G = 

144 kg/m2-s, P = 790 kPa, Q" = 56 kW/m2, ID = 0.5 mm, Runs 1, 3 and 4  
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C.10  Composition effect (1.5 mm) 

 
Figure 157. heat transfer coefficient as a function of average temperature, Composition effect, hydrocarbon mixture, 

G = 144 kg/m2-s, P = 790 kPa, Q" = 56 kW/m2, ID = 1.5 mm, Runs 9, 10 and 11 

 
Figure 158. heat transfer coefficient as a function of average quality, Composition effect, hydrocarbon mixture, G = 

144 kg/m2-s, P = 790 kPa, Q" = 56 kW/m2, ID = 1.5 mm, Runs 9, 10 and 11  
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C.11  Composition effect (3.0 mm) 

 
Figure 159. heat transfer coefficient as a function of average temperature, Composition effect, hydrocarbon mixture, 

G = 144 kg/m2-s, P = 790 kPa, Q" = 56 kW/m2, ID = 3.0 mm, Runs 13, 14 and 15 

 
Figure 160. heat transfer coefficient as a function of average quality, Composition effect, hydrocarbon mixture, G = 

144 kg/m2-s, P = 790 kPa, Q" = 56 kW/m2, ID = 3.0 mm, Runs 13, 14 and 15 
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C.12  Roughness effect 

 
Figure 161. heat transfer coefficient as a function of average temperature, Composition effect, hydrocarbon mixture, 

G = 144 kg/m2-s, P = 270 kPa, Q" = 56 kW/m2, ID = 1.5 mm, Runs 5 and 7 

 
Figure 162. heat transfer coefficient as a function of average quality, Composition effect, hydrocarbon mixture, G = 

144 kg/m2-s, P = 270 kPa, Q" = 56 kW/m2, ID = 1.5 mm, Runs 5 and 7  
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Appendix D: Synthetic refrigerant mixture experimental data 
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D.1  Diameter effect (0% Argon) 

 
Figure 163. heat transfer coefficient as a function of average temperature, Diameter effect, synthetic refrigerant 

mixture (no dilution), G = 144 kg/m2-s, P = 790 kPa, Q" = 28 kW/m2, Runs 16, 21 and 27 

 
Figure 164. heat transfer coefficient as a function of average quality, Diameter effect, synthetic refrigerant mixture 

(no dilution), G = 144 kg/m2-s, P = 790 kPa, Q" = 28 kW/m2, Runs 16, 21 and 27 
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D.2  Diameter effect (20% Argon) 

 
Figure 165. heat transfer coefficient as a function of average temperature, Diameter effect, synthetic refrigerant 

mixture (20% dilution), G = 144 kg/m2-s, P = 790 kPa, Q" = 28 kW/m2, Runs 18, 24 and 28 

 
Figure 166. heat transfer coefficient as a function of average quality, Diameter effect, synthetic refrigerant 

mixture (20% dilution), G = 144 kg/m2-s, P = 790 kPa, Q" = 28 kW/m2, Runs 18, 24 and 28 
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D.3  Diameter effect (40% Argon) 

 
Figure 167. heat transfer coefficient as a function of average temperature, Diameter effect, synthetic refrigerant 

mixture (40% dilution), G = 144 kg/m2-s, P = 790 kPa, Q" = 28 kW/m2, Runs 19, 25 and 29 

 
Figure 168. heat transfer coefficient as a function of average quality, Diameter effect, synthetic refrigerant mixture 

(40% dilution), G = 144 kg/m2-s, P = 790 kPa, Q" = 28 kW/m2, Runs 19, 25 and 29 
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D.4  Heat flux effect (0.5 mm) 

 
Figure 169. heat transfer coefficient as a function of average temperature, heat flux effect, synthetic refrigerant 

mixture (No dilution), G = 144 kg/m2-s, P = 790 kPa, ID = 0.5 mm, Runs 16 and 17 

 
Figure 170. heat transfer coefficient as a function of average quality, heat flux effect, synthetic refrigerant mixture 

(No dilution), G = 144 kg/m2-s, P = 790 kPa, ID = 0.5 mm, Runs 16 and 17  
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D.5  Heat flux effect (1.5 mm) 

 
Figure 171. heat transfer coefficient as a function of average temperature, heat flux effect, synthetic refrigerant 

mixture (No dilution), G = 144 kg/m2-s, P = 270 kPa, ID = 1.5 mm, Runs 21 and 22 

 
Figure 172. heat transfer coefficient as a function of average quality, heat flux effect, synthetic refrigerant mixture 

(No dilution), G = 144 kg/m2-s, P = 270 kPa, ID = 1.5 mm, Runs 21 and 22  
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D.6  Heat flux effect (3.0 mm) 

 
Figure 173. heat transfer coefficient as a function of average temperature, heat flux effect, synthetic refrigerant 

mixture (No dilution), G = 144 kg/m2-s, P = 790 kPa, ID = 3.0 mm, Runs 26 and 27 

 
Figure 174. heat transfer coefficient as a function of average quality, heat flux effect, synthetic refrigerant mixture 

(No dilution), G = 144 kg/m2-s, P = 790 kPa, ID = 3.0 mm, Runs 26 and 27  
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D.7  Pressure effect  

 
Figure 175. heat transfer coefficient as a function of average temperature, pressure effect, synthetic refrigerant 

mixture (no dilution), G = 144 kg/m2-s, Q" = 28 kW/m2, ID = 1.5 mm, Runs 20 and 21 

 
Figure 176. heat transfer coefficient as a function of average quality, pressure effect, synthetic refrigerant mixture 

(no dilution), G = 144 kg/m2-s, Q" = 28 kW/m2, ID = 1.5 mm, Runs 20 and 21  
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D.8  Mass flux effect  

 
Figure 177. heat transfer coefficient as a function of average temperature, mass flux effect, synthetic refrigerant 

mixture (no dilution), P = 790 kPa, Q" = 28 kW/m2, ID = 1.5 mm, Runs 21 and 23 

 
Figure 178. heat transfer coefficient as a function of average quality, mass flux effect, synthetic refrigerant mixture 

(no dilution), P = 790 kPa, Q" = 28 kW/m2, ID = 1.5 mm, Runs 21 and 23  
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D.9  Composition effect (0.5 mm) 

 
Figure 179. heat transfer coefficient as a function of average temperature, Composition effect, synthetic refrigerant 

mixture, G = 144 kg/m2-s, P = 790 kPa, Q" = 28 kW/m2, ID = 0.5 mm, Runs 16, 18 and 19 

 
Figure 180. heat transfer coefficient as a function of average quality, Composition effect, synthetic refrigerant 

mixture, G = 144 kg/m2-s, P = 790 kPa, Q" = 28 kW/m2, ID = 0.5 mm, Runs 16, 18 and 19 
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D.10  Composition effect (1.5 mm) 

 
Figure 181. heat transfer coefficient as a function of average temperature, Composition effect, synthetic refrigerant 

mixture, G = 144 kg/m2-s, P = 790 kPa, Q" = 28 kW/m2, ID = 1.5 mm, Runs 21, 24 and 25 

 
Figure 182. heat transfer coefficient as a function of average quality, Composition effect, synthetic refrigerant 

mixture, G = 144 kg/m2-s, P = 790 kPa, Q" = 28 kW/m2, ID = 1.5 mm, Runs 21, 24 and 25 
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D.11  Composition effect (3.0 mm) 

 
Figure 183. heat transfer coefficient as a function of average temperature, Composition effect, synthetic refrigerant 

mixture, G = 144 kg/m2-s, P = 790 kPa, Q" = 28 kW/m2, ID = 3.0 mm, Runs 27, 28 and 29 

 
Figure 184. heat transfer coefficient as a function of average quality, Composition effect, synthetic refrigerant 

mixture, G = 144 kg/m2-s, P = 790 kPa, Q" = 28 kW/m2, ID = 3.0 mm, Runs 27, 28 and 29 
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Appendix E: Little’s model validation 

Little proposed a heat transfer coefficient model based on annular flow as shown in Figure 

185.  Heat is transferred from the wall to the liquid film flowing along the wall.  A fraction of 

this heat vaporizes some liquid at the liquid-vapor interface and the remainder is transferred from 

the liquid film to the vapor driven by the liquid-vapor temperature difference ( lvTΔ ). 

 
Figure 185. Schematic of zeotropic mixtures during boiling, annular flow, temperature profile 

 

The two-phase heat transfer coefficient may be defined as the ratio of the heat flux applied (

Q "
⋅

) and the temperature difference between the wall ( wallT ) and the mixture equilibrium 

temperature ( eT ): 

 1 wall eT T
htc Q"

⋅

−=  (123) 

The equilibrium temperature, eT , is experienced at the liquid-vapor interface.  The derivation 

of the Little model defines the equilibrium temperature (Te) as a weighted average of the liquid 

and vapor phase temperatures using the corresponding specific heat, Eq. (124): 

Tv Tl

TwallTint

T
wall
interfaceliquid film

liquid film

vapor
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 ( )
( )

1
1

l l v v
e

l v

x Cp T x Cp T
T

x Cp x Cp
− +

=
− +

 (124) 

The temperature difference between the liquid and vapor phases, lvTΔ , is given by: 

 l v lvT T TΔ− =  (125) 

Substituting Eq. (124) into Eq. (123) and replacing the vapor temperature, Tv, by the definition 

shown in Eq. (125), the two phase heat transfer coefficient is given by: 

( ) ( )
( ) ( )

11 1 1
1 1

l l v l lv wall l v lv
wall

l v l v

x Cp T xCp T T T T xCp TT
htc x Cp xCp x Cp xCpQ" Q" Q"

Δ Δ
⋅ ⋅ ⋅

 − + − −= − = + − + − + 
 (126) 

The first term of Eq. (126) is the heat transfer coefficient between the liquid film and the wall 

tube (htcl,film).  lvTΔ  drives the heat transfer between the liquid film and the vapor core as 

suggested by Eq. (127): 

 v lv lvQ" htc TΔ
⋅

=  (127) 

Combining Eqs. (126) and (127), the second term is expressed as a function of the ratio 

between the heat transfer rate to  the vapor phase and the heat transfer rate to the mixture:  

 
( )( )

1 1
1

v v

l , film lv l v

x Cp Q"
htc htc htc x Cp x Cp Q"

⋅

⋅= +
− +

 (128) 

The heat transfer to the vapor core drives a change in temperature of the vapor phase, which is 

a function of vapor phase specific heat.  The heat transfer to the mixture also produces a change 
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in the mixture temperature that is a function of the apparent specific heat of the mixture.  It is 

assumed that the temperature change of the vapor phase has the same magnitude of the 

temperature change of the mixture ( vT TΔ Δ= ) leading to:    

 vv v v v

P P

Q m Cp T xCp
h hQ m T
T T

Δ

Δ

⋅ ⋅

⋅ ⋅
= =

∂ ∂   
   ∂ ∂   

 (129) 

The Little model is obtained combining Eqs. (128) and (129).  Eq. (130) is the final expression 

for the two-phase heat transfer coefficient and is similar to Eq. (106): 

 
( )( )

2 21 1 1

1

v

l , film lv
l v

P

x Cp
hhtc htc htcx Cp x Cp
T

= +
∂ − +  ∂ 

 (130) 

The Little model defines a turbulent liquid film, similar to what is described by Kattan [98], 

which uses the hydraulic diameter of the annulus to take into account the velocity of the liquid 

film in the two phase-region.  The hydraulic diameter (Dh) of the annulus is defined as the 

difference between the inner tube diameter (ID) and the diameter of the vapor core (Dv).  If the 

vapor diameter is expressed as a function of the void fraction (α) and the inner diameter of the 

tube, the hydraulic diameter of the annulus is given by Eq. (131): 

 ( )1 1v
H v

DD ID D ID( ) ID
ID

α= − = − = −  (131) 

The Reynolds number of liquid film ( l , filmRe ) is obtained starting from the liquid velocity ( lu

).  The film liquid area ( lA ) is included to determine the liquid volume flow rate ( lV
⋅

), which 
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allows to determine the liquid mass flow rate ( lm
⋅

) when the liquid volume flow rate ( lV
⋅

) is 

combined with the liquid density ( lρ ).  The film area ( lA ) for the Reynolds number is obtained 

from the tube area ( A ) and the void fraction (α ).  Finally, the Reynolds number of the liquid 

film is a function of the liquid Reynolds number ( lRe ) and the void fraction (α ): 

 ( ) ( ) ( ) ( )
( ) ( )

1 1 11 1
1 1

ll lh l l
l , film l

l l l l l l

ID V ID m ID m xD uRe Re
A A A

α ρ α αρ
μ μ μ μ α α

⋅ ⋅ ⋅
− − −−

= = = = =
− +

 (132) 

Consequently, the heat transfer coefficient of the liquid film using Dittus-Boelter is expressed 

as a function of the void fraction: 

 ( )
0 8

0 40 023
1 1

.
.l l

l , film l
Re khtc . Pr

IDα α
 =  + − 

 (133) 

A similar methodology is used to find the heat transfer coefficient of the core vapor (Eq. (134)

) 

 
0 8

0 40 023
.

.v v
lv v

Re khtc . Pr
IDα α

 =  
 

 (134) 

The void fraction is obtained using the Chisholm model shown in Eq. (135): 

 
( )

1
1

1 1 1v l
ch

l v

x
x

x
ρ ρα

ρ ρ

−
 −  
 = + − −    

 (135) 

 
 


