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Introduction 
 The application of phase-change heat transfer of cryogenic propellant in mini-channels 
to regenerative cooling of a rocket engine has scarcely been studied.; 
  Compared with conventional fluids, cryogenic fluids have some unique thermophysical 
properties, which would influence the flow boiling heat transfer process: 

 As a safe alternative working fluid, liquid nitrogen has similar thermophysical 
properties to liquid methane and/or oxygen and was used to study the heat transfer 
process and characteristics of vertical mini-channel flow boiling under high pressure.  

 Because of the low liquid-gas density ratio of nitrogen,  a homogeneous model could be used to 
predict the pressure drop of nitrogen two-phase flow; 

 For cryogenic fluids, the bubbles can be easily created and depart with smaller bubble size at 
lower surface tension； 

 For nitrogen and oxygen, the latent heat of evaporation is relatively low, so the vapour quality of 
flow boiling changes rapidly along the tube； 

Table 1 Thermophysical property comparison of cryogenic and conventional fluids at psat=1000 kPa 
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Introduction 
 For flow boiling of nitrogen in mini/micro-channel, limited studies were carried out 
based on a survey on the open literature, among which the tested inlet pressures were at 
a relative low level; 
 Considering the practical regenerative cooling background, it is necessary to explore 
the nitrogen flow boiling characteristics under high pressure, the study of which, according 
to the existing literature, has been very limited; 
 The differences brought by the variation of pressure conditions should be highlighted. 
 When the saturation pressure increases, the surface tension and the latent heat of evaporation 

decrease, which results in the intensification of the nucleate boiling heat transfer; 
 When the saturation pressure increases,the density of the vapour increases while the liquid film 

conductivity decreases with increasing saturation pressure, which weaken the convective boiling 
contribution. 

Table 2 Nitrogen thermo-physical property at psat=100, 500, and 1000 kPa  

p The present study conducted experiments of nitrogen flow boiling in a vertical mini-
channel at high subcritical pressure (630–1080 kPa) in order to determine the heat 
transfer mechanism of liquid nitrogen under high pressure and verify the experimental 
correlation. 
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Experimental system and test section 
 An integrated cryogenic experimental system includes the gas nitrogen source (GN2), the 
self-pressurization nitrogen storage tank (low pressure LN2), the vacuum Dewar, the high 
pressure nitrogen storage tank (high pressure LN2), the test section, the evaporator, the 
sonic nozzle, the direct current (DC) power, and the data acquisition system; 
  The vacuum Dewar is evacuated to 1×10−3 Pa by the two-stage-vacuum-pump  and 
precooled to ~77 K by nitrogen forced convection; 
 The mass flux and inlet pressure of the test section are controlled by adjusting the GN2 
pressure reducer, the diameter of the venturi tube, and the diameter of the supersonic 
nozzle. 

 The picture (a) and the schematic drawing  (b) of the cryogenic experimental system 
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Flow boiling experimental results 
 The heat flux has a dramatic effect on the heat transfer coefficient. Three heat 
transfer trends were identified with increasing heat flux: 
 At low heat flux, the heat transfer coefficient first increases and then decreases with the vapour 

quality; 
 At intermediate heat flux, the heat transfer coefficient presents an inverted “U” shape; 
 At high heat flux, the double valley shape was observed and the reason for this is that it 

corresponds to the partial dry-out in the intermittent flow and the annular flow. 

Fig. 1  Influence of heat flux on the heat transfer coefficient. 
Di=2.0 mm, pin=630 kPa, G=530 kg/(m2∙s) 
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Fig. 2  Influence of heat flux on the heat transfer coefficient. 
Di=2.0 mm, pin=665 kPa, G=680 kg/(m2∙s) 
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Flow boiling experimental results 
 Within the limited mass flux conditions, the increase of mass flux suppresses the nucleate 
boiling contribution and  decreases the heat transfer coefficient in annular flow： 
 At low vapour quality (during intermittent flow), the increase of the mass flux suppresses the nucleate 

boiling; 
 At high vapour quality (during annular flow), within the limited test conditions, the increase of mass 

flux increases the annular film thickness and decreases the heat transfer coefficient before dry-out 
occurs.  
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Fig. 3  Influence of mass flux on the heat transfer coefficient:  
(a) q=125.1 kW/m2; (b) q=158.2 kW/m2. Di=2.0 mm, pin=630 kPa JZ
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Flow boiling experimental results 
 The increasing inlet pressure increases the heat transfer coefficient over a wide range 
of vapour quality until the inception of partial dry-out.  
 For higher inlet pressures, the lower surface tension and lower latent heat of evaporation 

enhance the nucleate boiling; 
 The increase of inlet pressure leads to the earlier occurrence of the partial dry-out, with the 

reason for this related to the unsteady liquid film with a lower surface tension under high inlet 
pressure. 
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Fig. 4 Influence of inlet pressure on the heat transfer coefficient:  
(a) q=158.2 kW/m2; (b) q=186.7 kW/m2. Di= 2.0 mm, G=680 kg/(m2·s) 
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Flow boiling experimental results 
 It was found that the Klimenko and Tran correlations have better prediction accuracies 
among the six selected correlations. 
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Fig. 5 Ratios of the calculated to experimental heat transfer coefficient versus vapour quality 
(a) Chen; (b) Shah; (c) Klimenko; (d) Tran; (e) Qi; (f) Kim-Mudawar 
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Flow boiling experimental results 
 A modified correlation (MAE=19.3%) was proposed on the basis of the Tran correlation 
considering both nucleate boiling and the partial dry-out heat transfer mechanism. 

Table 4  Summary of MAEs of selected correlations and the modified correlation 

Table 3  Modified correlation for nitrogen flow boiling heat transfer  
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Conclusions 

 The heat flux has a dramatic effect on the heat transfer coefficient. Three heat transfer trends 
were identified with increasing heat flux.   

 Within the limited mass flux conditions, the increase of mass flux suppresses the nucleate 
boiling contribution to the heat transfer during intermittent flow. In annular flow, the increase 
of mass flux increases the annular film thickness and decreases the heat transfer coefficient 
before dry-out occurs.  

 The increasing inlet pressure increases the heat transfer coefficient over a wide range of vapour 
quality until the inception of partial dry-out. The lower surface tension and lower latent heat of 
evaporation enhance the nucleate boiling for higher inlet pressures. The increase of inlet 
pressure leads to the earlier occurrence of the partial dry-out, with the reason for this related 
to the unsteady liquid film with a lower surface tension under high inlet pressure. 

 It was found that the Klimenko and Tran correlations have better prediction accuracies among 
the six selected correlations. A modified correlation (MAE=19.3%) was proposed on the basis of 
the Tran correlation considering both nucleate boiling and the partial dry-out heat transfer 
mechanism. 

 The flow boiling heat transfer of nitrogen at high subcritical pressure in a single vertical 
mini-channel was experimentally investigated. The mechanism of flow boiling heat transfer 
of liquid nitrogen under high subcritical pressure in mini-channel is revealed, and the 
modified correaltion of flow boiling heat transfer under high pressure is proposed, which 
provides a basis for the modeling of subcritical regenerative cooling heat trasnfer 
calculation. 
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