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ABSTRACT 

Experiments are performed to study the behavior of  the two phase flow pressure drop of ammonia , in a vertical mini 
channel made of  stainless steel having an internal diameter of 1.224 mm and a heating length of 245 mm. The test 
conditions are: mass fluxes from 200 to 500 kg/m2s, heat fluxes from 20 to 340 kW/m2 and saturation temperatures of 
23oC,33oC and 43oC. The experimental results are compared to well known correlations for frictional pressure drop in 
macro and micro scale channels.  

1. INTRODUCTION 

Research in micro geometries has gained importance since last decade due to its applications in micro electro-
mechanical systems, cooling of electronics and biomedical systems. It has been shown from previous studies that for 
given mass flux , higher heat transfer can be achieved by reducing hydraulic diameter but that this may come at the 
expense of increasing pressure drop if the heat exchanger is not well designed... Thus the knowledge of two phase flow 
pressure drop is important to improve the design of thermal systems. The impact of traditional refrigerants on the 
environment such as global warming and ozone depletion  has shifted the focus to the natural refrigerants in thermal 
systems. Ammonia, which has been used for large refrigeration systems for decades, may be important in compact heat 
exchanger applications in future due to its superior thermo physical and transport properties, and environmental friendly 
nature. 
        
 In the present study, an effort has been made to investigate the pressure drop of ammonia in a mini channel. Very 
little information can be found in the literature in this field. The experiments are done at three saturation pressures to 
study the influence of different saturation temperature on pressure drop. Another objective of this study is to investigate 
the prediction capability of well known macro and micro scale correlations for ammonia in mini channels. It is believed 
that this information is important as a basis for increasing the understanding of the basic mechanisms of the two-phase 
flow.  
 
 As noted, there are very few studies of two phase pressure drop of ammonia to be found in the literature. A 
summary of some of the published studies are as presented here; 
  
 Ungar and Cornwell[1] presented ammonia two phase flow experiments in horizontal tubes of diameter 1.46, 1.78, 
2.58 and 3.15 mm respectively. Apart from the homogeneous model with the viscosity definition of McAdams et al.[2], 
no macro scale correlation predicted the data well. 
 Ammonia as working fluid in smooth and horizontal tubes of 10 mm internal diameter were used by Kabelac and 
Buhr[3]. The experiments were performed at a mass flux range of 50 to 150 kg/m2s, a heat flux range of 17 to 75 kW/m2 
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and saturation temperature range of -40 to 4 oC. They found the Chisholm [4] correlation best in agreement with their 
experimental data. 
 Brandon and Hrnjak [5] conducted experiments to investigate two phase adiabatic pressure drop in small channels. 
They tested ammonia, R410A, propane and R134a in a rectangular channel of 148 μm.. The Mishima and Hibiki [7] 
correlation was in better agreement with the data for ammonia than any of the other correlations. A new correlation 
based on Chisholm interaction parameter was proposed which predicted the data of all refrigerants with Mean Average 
Deviation (MAD) of 12.6%. 

2.    FRICTIONAL PRESSURE DROP CORRELATIONS 

In general, two phase pressure drop can be calculated assuming homogeneous of separated flow. In the homogeneous 
flow model, the liquid and gas phases are assumed to have the same velocity and the properties of the mixture are 
calculated as an average value of gas and liquid properties. In the separated flow model, also called the slip flow model, 
The model is based on the assumption that the two phases are segregated into separated flows that have constant but not 
necessarily equal velocities. Many correlations can be found in the open literature. Some of them are presented in Table 
1.  

 

Table 1 . Pressure drop correlations of macro and micro scale 

Correlation Equation 
Homogeneous 
model , ,  2000  , 

 0.079 .  2000 ,  , Three forms of viscosity models are; 

McAdams et al. [2]   , Chichitti et al. [25] 1 ,  
 
Dukler et al. [26]   1  
 

Friedel [10] Φ , Φ ,
. .  

 , . 1 .  ,
. .

1
.

 

  , 1  
 
    2000   0.079 .   2000 
 
    2000      0.079 .   2000 
 

    ,  
 
 

Lockhart- Martinelli 
[11] 

Φ  , Φ 1  with C given by: 
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Müller Steinhagen 
and Heck [12] 
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G
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Mishima and 
Hibiki [7] 

 
21 1  

This C value should be used with Lockhart-Martinelli [11] Correlation. 
 

Zhang and Webb 
[14] Φ  

Φ 1 2.87 1.68 . 1 .
.

 

Tran et al.[15]  
Φ  , Φ 1 4.3 1 . 1 . .  

.
   

 
 
3. EXPERIMENTAL FACILITY AND DATA REDUCTION 
The experimental apparatus is schematically illustrated in Figure 1. The subcooled refrigerant was pumped by a 
magnetic gear pump, type MCP-Z standard, to the vertical test section. This pump allows a wide range of flow rates. A 
Coriolis mass flow meter was used to measure the flow rate. To control the inlet temperature to test section, a pre heater 
was used. A filter of 7 micro meters was used to avoid any particles to enter the test section. 
 
 An absolute pressure transducer (Druck, 25bar) was used to measure the system pressure and differential pressure 
transducers (Druck, 350 and 700 mbar) recorded the pressure drop across the test section. . The test section consists of 
stainless steel (AISI 316) tube with inner diameter of 1.224 mm. The roughness of the test section was determined by 
scanning the inner surface. The roughness test was performed by using a method called conical stylus profilometry. 
Five profiles of inner surface of test section were obtained. The detail of roughness test results are shown in Figure 2. 
 
 Nine T-type thermocouples were mounted on the surface of the test section to measure the wall temperature. The 
tip of each thermocouple was electrically insulated and then attached at the outer wall with a special epoxy which is 
thermally conductive and electrically insulating. In order to estimate the inner wall temperature, the measured outer wall 
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temperature was corrected for the conduction through the wall. Fluid temperatures at the inlet and outlet of the test 
section and at other locations (see Figure 1) are measured with  type T thermocouples of 0.1mm diameter. 
 
 The test section was heated using an electric DC power supply by applying a potential difference over the test 
tube.. The advantage of this direct heating is that it gives a homogeneous heat flux over the test section. After the test 
section, the fluid was condensed in the condenser and further subcooled in a subcooler. For each set of test conditions, 
data was recorded when steady state conditions were achieved. The temperatures, the mass flow and the system 
pressure were recorded using a data logger connected to a computer.  Thermal and transport properties of ammonia 
were taken from REFPROP 7.  
 
 Heat loss calculations showed 1 to 2% losses up to 50 kW/m2, and less than 1% above  50 kW/m2. Therefore heat 
losses were ignored in this study. 
For a given test, the heat flux added to the test section was calculated as; 
 
                                   

                                                                       q Q
A

                                                                (1) 
 
Where                       

                                                                      Q I . V                                                                     (2) 
And                       
                                                                                       A π . D. L                                                          (3) 
 
where I and V are the current and voltage,  A is the heat transfer area, D the inner diameter of the test section and Lh the 
heated length. At the inlet of the test section,  1K of subcooling was maintained. 
The thermodynamic vapor quality at any vertical location (z) is calculated as;                                                    

 

                                                                      x z P °
A G

                                                   (4) 

Where 
              

                                                                    z°
NH C  T T

P
                                             (5)  

 
Cp is the specific heat of the fluid,   the mass flow rate of ammonia, Tsat is the saturation temperature, Tin  the inlet 
temperature of test section, q’’ the heat flux, Ac the cross-sectional area and P is the perimeter. zo is the location on the 
heated section at which saturated conditions would be reached. 
 
 
The measured pressure drop is the sum of the components which are mentioned in the following formula; 
 

                                      ∆ ∆ ∆  ∆ ∆                              (6)                              
 
∆  represents pressure drop due to two phase flow and it includes frictional, gravitational and acceleration part; 

 
                                                              ∆ ∆ ∆ ∆                                      (7)            
 
The equations for calculating the pressure drop components used in this study are tabulated in table 2. 

 

Table 2 . Pressure drop components 

Component Equation 
 ∆  

Pressure Drop due to 
inlet cotraction 

∆          ,       , , drag Compression factor 

 
∆   

Pressure Drop due to 
outlet expansion 

  ∆ ,  /  

 
∆  

Pressure Drop single 
phase 

  ∆ ∆ ∆   ,  ∆  

  ∆  , If   Re<2300    then 64/  
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If   Re>2300   then         0,316/ ,  
 
 

∆  

Two  phase 
gravitational Pressure 
Drop  

∆
1

1  

 ∆  
Two  phase 
accelerational 
Pressure Drop 

 ∆ 1  ,Where definition of   is from Zivi’s model [23] 

 

1
1

 

 

 
Frictional two phase pressure drop was determined by subtracting gravitational and acceleration pressure drop from   
∆ . 

                                           
Figure 1. Schematic diagram of experimental test rig 

 
Figure 2. Characterisation of inner surface roughness of Test section. 
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4. RESULTS AND DISCUSSION 

The frictional pressure drop at different mass fluxes are plotted versus vapor quality for three saturation temperatures in 
Figure (3). The single phase pressure drop for each mass flux is also shown in Figure (3). It can be seen, as should be 
expected, that the frictional pressure drop increases with the increase in vapor quality for a given mass flux for all 
saturation conditions. The increase in vapor quality causes an increase in the mixture velocity of two phase flow which 
is the reason for the rise in pressure drop. At increasing mass flux, the frictional pressure drop is increased due to higher 
shear stress. In general, the trends are similar to those observed by Cavallini et al. [16] and Yoon et al.[17]. 
 
 The effect of heat flux on frictional pressure drop at three saturation temperatures is shown in Fig.(4). The 
frictional pressure drop is plotted versus mass flux for a wide range of heat fluxes. It can be seen that for a given mass 
flux, frictional pressure drop is higher for higher heat flux. Higher heat flux results in higher vapor quality which 
ultimately increases the pressure drop. The trends are similar to those observed by Wahib et al.[9] and Choi et al.[18] 
 
 Variation of two phase frictional pressure drop with mass flux for different saturation temperatures is shown in 
Figure (5). It can be seen that for a given mass flux, pressure drop is lower for higher saturation temperature. This can 
be explained by the fact that the increase in saturation temperature for a given mass flux results in an increase  in vapor 
density. The increase in vapor density causes a decrease in vapor velocity which results in lower frictional pressure 
drop. This trend was also observed by Choi et al.[18] and Revellin et al.[20]. As can be seen in Figure 4 the influence of 
saturation temperature is more obvious at high heat flux, i.e. pressure drop at lower saturation temperature  increases 
more at same mass flux with increasing heat flux due to the increased vapor fraction.  
 

 
 

 Figure 3: Frictional pressure drop versus exit quality for different mass fluxes.(a) at saturation temperature of 23 oC , 
(b) at saturation temperature of 33 oC, (c) at saturation temperature of 43 oC. 
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5. COMPARISON WITH CORRELATIONS 

The measured experimental data has been compared to predictions of correlations available in the literature.  

5.1 Macro Scale Correlations 

The prediction of the homogeneous model using the viscosity definition of Chicchitti et al.[25] is compared to the 
experimental data for the three saturation pressures in Figure (6a). It can be seen that the homogeneous model under-
predicts the data at high mass flux and heat flux for all saturation conditions and its prediction is better at lower mass 
and heat flux. Chen et al.[21] suggested a modification of the homogeneous model by inclusion of surface tension and 
diametric effects to be used as a general model for macro and micro channels. The under prediction at higher mass and 
heat fluxes can also be explained by saying that using average properties can be an acceptable option for bubbly flow 
but not for annular and post annular flow. Since the probability of sustaining bubbly flow in micro channels due to 
small diameter is less for all heat fluxes, this can be a reason for under prediction at higher heat fluxes. Overall the 
homogeneous model predicts the experimental data for three saturation pressures with MAD of 32.8%. 
 
 The prediction of the Friedel [10] correlation is shown in Figure (6b). Its predicts the data for the three saturation 
pressures with MAD of 36.6%. One explanation to the deviation could be that despite the inclusion of surface tension 
effects, the exponent of this term may be too small for micro channels as surface tension is expected to gain importance 
when we move from macro scale to micro scale. 
 

 
Figure 4: Frictional pressure drop versus mass flux for different heat fluxes.(a) at saturation temperature of 23 oC , (b) 

at saturation temperature of 33 oC, (c) at saturation temperature of 43 oC. 
 
 Figure (7a) shows the prediction capability of the Lockhart Martinelli [11] correlation. Apart from higher mass and 
heat fluxes, this correlation over-predicts the data with MAD of 46.5%. Many researchers have observed that the value 
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of C to be used in this correlation is too low when applied to mini channels. If this correlation is adjusted by correcting 
the C value then it can predict the data well. 
  
 The Müller-Steinhagen and Heck [12] correlation is found to be in better agreement with the experimental data at 
the three saturation pressures than the other correlations, with a MAD of 29.8% (Figure 7b). Experimental data for 
different fluids was used to develop this correlation and this can be a reason for its good prediction capability with 
ammonia. Generally, findings reported in the literature indicate good prediction of experimental results by this 
correlation.  
  
 Comparisons with the Chisholm [4] and Grönnerud [13] correlations are shown in Figure (8a) and (8b) 
respectively. The Chisholm [4] correlation over predicts the data with a MAD of 110.6% and the Grönnerud [13] 
correlation under predicts the data with a MAD of 51.3%. 
 

 
 

Figure 5: Frictional pressure drop versus mass flux for three saturation pressures. 
 

 
 
Figure 6: (a).Comparison of two phase frictional pressure drop with the homogeneous model at three saturation 
temperatures.(b) Comparison of two phase frictional pressure drop with the Friedel correlation [10] at three saturation 
temperatures. 

5.2 Micro Scale Correlations  

The predicting capability of the Mishima and Hibiki [7] correlation is shown in Figure (9a). It can be seen that with the 
exception of reasonable agreement at low heat and mass fluxes, the overall prediction of  this correlation with the data is 
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not very good, with a MAD of 40.6% . This correlation is the same as the Lockhart Martinelli correlation [11] except 
that the C value includes diametric effects. This trend is unexpected as in our previous studies with R134a, Wahib et al. 
[9] found a good agreement with the experimental data. Lee and Garimella [22] found the same trend as in this study. 
 
 Zhang and Webb[14] developed a micro scale correlation whose prediction with the experimental data is shown in 
Figure (9b). It can be seen that this correlation predicts the data well for lower saturation temperatures at high mass and 
heat fluxes. Overall this correlation gives a scattered prediction and predicts the data with MAD of 36.2%. 
 
 A comparison of the experimental data to the micro scale correlation developed by Tran et al.[15] is shown in 
Figure (10). This correlation over predicts the data with a MAD of 242%.The same trend is observed by Wahib et al. [9] 
for R134a . 
 

 
 
Figure 7: (a).Comparison of two phase frictional pressure drop with the Lockhart and Martinelli correlation [11] at 
three saturation temperatures.(b) Comparison of two phase frictional pressure drop with the Müller-Steinhagen and 
Heck [12] correlation at three saturation temperatures. 
 

 
 
Figure 8: (a).Comparison of two phase frictional pressure drop with the Chisholm correlation [4] at three saturation 
temperatures.(b) Comparison of two phase frictional pressure drop with the Grönnerud [13] correlation at three 
saturation temperatures. 

6.  CONCLUSIONS  

Flow boiling experiments have been conducted at three saturation temperatures to investigate two phase pressure drop  
in a vertical mini channel using ammonia as working fluid. From the present study, the following conclusions are 
drawn: 
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(1) . Most of the macro scale correlations under predict the data especially at high mass and heat fluxes. However 

the Homogeneous model and the Müller Steinhagen et al. correlation [12] are in better agreement with the 
experimental data than other compared correlations. 

(2) . The Zhang and Webb [14] correlation gives reasonable prediction at low saturation temperature and high 
mass and heat fluxes but generally scattered predictions.  

(3) . Further experiments are recommended to study the behavior of ammonia in mini and micro channels as a 
basis for developing a more general micro scale correlation. 
 
 

 
Figure 9: (a).Comparison of two phase frictional pressure drop with the Mishima and Hibiki [7] correlation at three 
saturation temperatures.(b) Comparison of two phase frictional pressure drop with the Zhang and Webb [14] correlation 
at three saturation temperatures. 

 

 
 

Figure 10: Comparison of two phase frictional pressure drop with Tran et al.  [15] correlation at three saturation 
temperatures 

 

NOMENCLATURE 

A  heat transfer area (m2)  
B  Chisholm parameter, – 
C       constant of Lockhart and Martinelli  

      or Chisholm parameter, m 
Co       confinement number, 
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.

 
Cp  specific heat (J/kg K)  
E        Friedel parameter, – 
F       Friedel parameter, – 
F       Muller-Steinhagen parameter, bar/m 
f       friction factor, – 
Fr       Froude number,  
D  diameter (m)  
G  mass flux (kg/m2s)  
g       acceleration of gravity, m/s2 
H       Friedel parameter, – 
I  current (A)  
ifg latent heat of vaporization (J/kg)  
k  thermal conductivity (W/mK)  
L  length (m) 
MAD  mean absolute deviation,  

=1/N Σ|Xpred - Xexp|/Xexp (%)  
  mass flow of refrigerant (kg/s)  

P  pressure (bar)  
∆P  pressure difference (mbar) 
Q  power (W)  
q”  heat flux (W/m2)  
Re       Reynolds number,  
T  temperature (ºC)  
V  voltage (V)  
We       Weber number,  
x  vapor fraction 
X  Lockhart–Martinelli parameter,   

.

 

Y       Chisholm parameter, – 
z   axial position (m)  
 
Greek Letters 
 
Φ  two-phase flow multiplier 
μ dynamic viscosity, Pa s 
ρ density, kg/m3 

σ surface tension N/m 
 
Subscripts  
c cross-sectional 
exp  experimental  
 h   heated   
i  inside  
ic inlet contraction 
in  inlet  
L  liquid  
V vapor 
o  outside  
pred  predicted  
sat  saturation  
ic inlet contaction 
tp two phase 
sp single phase 
oe outlet expansion 
fric frictional 
grav gravitational 
acc acceleration 
LO liquid only 
Oe outlet expansion 
VO vapor only 
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