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Abstract 

An experimental study on post dryout heat transfer regime in annuli with flow obstacles was 
conducted in the High-pressure Water Test (HWAT) loop at the Royal Institute of 
Technology in Stockholm, Sweden. An annulus consisting of two concentric heated pipes 
(12.7x24.3) mm, with total heated length equal to 3650 mm was employed as a test section. 
Three kinds of flow obstacles were used: pin-spacers, cylindrical obstacles and grid obstacles. 
The experiments performed in the test section with pin-spacers only were considered as the 
reference case. In two consecutive sets of runs, additional obstacles were placed inside the 
flow channel while keeping the pin spacers in the same positions. In that way the net effect of 
obstacles on heat transfer was measured. The experimental investigations were performed in a 
wide range of the operational conditions: mass flux (500-1750) kg/(m2s), inlet subcooling (10-
40) K and system pressure (5-7) MPa. The wall superheat was measured at 88 different axial 
positions (40 on the inner tube and 48 on the outer tube) for the conditions mentioned above. 
A local heat transfer coefficient was calculated based on the measured annulus wall 
temperatures and the saturated fluid (water) properties. The results show an enhancement of 
the heat transfer coefficient downstream of flow obstacles. The most significant influence has 
been observed in case of pin spacers. This result is consistent with blockage area of various 
obstacles, which was the highest in case of pin spacers. The data obtained in more than 200 
runs were compared with two pre-dryout and post-dryout correlations. The correlations show 
a slight over-prediction of the heat transfer coefficient in both pre-dryout and post-dryout 
regions. The thesis contains a detailed description of experimental procedures as well as an 
analysis of the results of measurements. 
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Nomenclature 

 

g gravitational acceleration m/s2 

G mass flux kg/(m2s) 

h heat transfer coefficient W/m2 

i enthalpy  J/kg 

L heated length  m 

q’’ surface heat flux  W/m2 

qv volumetric heat flux  W/m3 

Q volumetric flow l/s 

P pressure Pa 

r radius m 

Tsat saturation temperature K 

Tw wall temperature K 

U uncertainty % 

Greek symbols 

λ thermal conductivity W/(mK) 

µ dynamic viscosity Pa s 

ρ density kg/m3 
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CHAPTER I 

1. Introduction 

1.1 Background on post-dryout heat transfer 

The forced convective flow systems such as steam generators, cryogenic systems, spray 
cooling and nuclear reactors can experience an abnormal behaviour where boiling crisis 
occurs and heated surface does not support anymore continuous liquid contact, [1]. This type 
of heat transfer regime is denoted as the post-dryout heat transfer regime. It mainly occurs 
during the force flow evaporation process when the liquid film becomes depleted at the heated 
wall surface. During post-dryout heat transfer regime, the heat is transferred mainly to the 
vapour. Therefore, the heat transfer coefficient is much lower resulting in a dramatically 
increased wall surface temperature, [2]. 

Core power and flow instability may occur during a BWR start-up, when the coolant flow 
through the reactor core is relatively low and the reactor power is high enough. During such 
power and flow oscillations short-term post-dryout conditions might occur in some fuel rod 
assemblies. Another possibility for post-dryout occurrence can be box bowing in the fuel rod 
assembly. Such an event happened in the Oskarshamn 2 Boiling Water Reactor in 1988 when 
one corner rod was damaged in each of four fuel rod assemblies, [3]. As a consequence a 
proper model to calculate the maximum clad temperature to avoid its deterioration and time 
history of the temperature distribution in such conditions is required. 

A major influence on post-dryout heat transfer regime is exercised by flow obstacles. Since all 
nuclear fuel assemblies contain spacing devices, it is necessary to investigate how such 
devices influence the heat transfer in post-dryout regime. In references [4] and [5] it is 
indicated that the heat transfer coefficient can be increased as much as 120% for various types 
of flow obstacles. 

1.2 General overview of the governing phenomena on the post-dryout regime 

The complexity of the post-dryout heat transfer regime forced the thermal hydraulic engineers 
to attempt to solve simultaneously the problems regarding the flow pattern and heat transfer 
regime. The flow regime encountered in post-dryout region is denoted as dispersed film flow 
or mist flow. In such flow regime the void fraction can exceed 80% and the liquid contact 
with the wall surface no longer exists, [6]. 

The flow conditions are difficult to reproduce since it is necessary to take into account the 
droplets which are travelling inside of the vapour stream. The generation and destruction of 
the droplets are strongly connected with the mist flow evaporation regime. Therefore it is 
difficult to evaluate the main contributors to the heat transfer mechanism in post-dryout 
region. Upstream of the onset of the dryout point the heat transfer is mainly from the heated 
surface to the liquid film. Hence a high heat transfer coefficient is obtain and consequently a 
low superheat of the wall. Instead, downstream of the onset of the dryout point, the heat 
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transfer is deteriorating and the heat transfer coefficient is suddenly reduced leading to high 
values of the wall superheat, [7]. Several heat transfer mechanisms which are playing an 
important role in mist flow evaporation were identified, [2]: 

• Convective heat transfer from the heated surface to the vapours 
• Convective heat transfer from the heated surface to the entrained droplet 
• Evaporation of droplets that collide with the heated surface and wet the wall 
• Evaporation of droplets that come to close proximity to the wall but do not wet the 

surface 
• Radiation heat transfer from the heated surface to the droplets 
• Radiation heat transfer from the heated surface to the vapour 
• Radiation heat transfer from vapour to droplets 

In case of mist flow evaporation the dominant heat transfer mechanism is represented by the 
convective heat transfer from the heated surface to the vapour. Since void fractions are very 
high, the heat is transferred to the droplets due to turbulent convection. A secondary 
phenomenon which is developing from this regime was pointed out, [7]: a de-superheating 
initiation of the droplets was noticed due to the fact that vapour generated in the wall 
proximity are actually in the saturation conditions. Thus, the enthalpy of the vapour is 
reduced. 

The second largest heat transfer process agreed by the researchers in case of dispersed film 
flow boiling regime is convective heat transfer from the heated surface to the entrained 
droplets. The conclusion is based on the assumption that due to the Leidenfrost phenomenon, 
the heat is transferred to the liquid (in form of droplets) from the vapour layer in case of high 
superheat temperature, [8]. The main difficulty pointed out by researchers in this case is to 
evaluate the interfacial surface area between vapour and droplet. This parameter is dependent 
of evaporation history, droplets break-up, droplets coalescence and active changes in the 
interfacial shear stress. 

It has been shown that the presence of droplets in the vapour stream may increase or decrease 
the turbulence level of the vapour core while the droplets entering into the liquid boundary 
layer increase the turbulence level in vicinity of the wall, [9]. Both phenomena contribute to 
the variation of heat transfer coefficient. There is a lack of experimental evidence regarding 
the contribution of the evaporation of the droplets coming in the close vicinity of the wall. 
Until more experiments are performed, the effect of the evaporation of the droplets which 
collide with heated surface should be considered together with the effect of the evaporation of 
droplets coming to close proximity of the wall. 

A missing point in existing correlations was identified in [1]: the absence of the non-
equilibrium, both hydro-dynamic and thermal. A correlation, in which Prandtl number was 
evaluated at the wall temperature, was proposed. Indeed, experimental evidence about thermal 
non-equilibrium was shown also by few authors, [10], [11]. All the experiments were 
performed in case of low pressure or moderate pressure. A successful attempt to measure the 
vapour superheat with a miniature vapour temperature probes was done in [12]. The authors 
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measured vapour superheats up to 600 °C showing a very high level of thermodynamic non-
equilibrium.  

Both theoretical and experimental analyses mentioned above were based on observations 
made in case of low pressure conditions and simple geometry (experiments in tubes). Only 
few attempts were carried out in case of BWR reactor operating conditions. An extensive 
work was carried out in this way for a pressure range from 1-20 MPa at the Royal Institute of 
Technology, [13]. The objective of this work was to investigate the influence of the axial 
power distribution on the temperature of the wall surface. 

Flow obstacles play an important role in the improvement of the heat transfer and 
consequently in reducing the possibility of the dryout occurrence. The effect of the flow 
obstacles has been investigated both, experimentally and analytically by several researchers.  

The influence of the flow obstacles was investigated experimentally in [14], [15], [12] and 
more recently in [4], [5]. Most of the experiments were carrying out in annuli with only one 
heated wall. A double-heated annulus was used in experiments presented in [16]. The major 
finding in all cases was a strong influence of the flow obstacles (spacers) on the post-dryout 
heat transfer regime, the wall superheat downstream of spacer location being significantly 
reduced.  

A number of authors, e.g. [17], [18], [19], [20] were studying the influence of the 
spacers/flow obstacles analytically. Most common approach for the new models is based on 
the modifications of the Dittus-Boelter and Miropolsky correlations. Despite of a very large 
effort exercised in the past 50 years the actual models still present uncertainties in a range of 
30-70%, [21].  

1.3 The research objectives  

The present work is a continuation of the experiments presented in [16]. In the actual 
approach an annular test section consisting of two heated pipes was employed. The inner pipe 
is supported with pin spacers, and two additional flow obstacles are inserted to measure their 
net effect on the post-dryout heat transfer. The test section has been instrumented with 88 
thermocouples to allow for a significant improvement of the accuracy of measurements, as 
described in [22]. Because of the high accuracy of measurements and thanks to the performed 
analysis of the error propagation, the present measurements are suitable for validation of 
computational models of post-dryout heat transfer. 

Three different types of flow obstacles have been used: pin spacers, cylindrical obstacles and 
grid spacer cells. The experiments conducted in case of pin spacers were considered as 
reference cases. The effects of the cylindrical obstacles and grid spacer cells on post-dryout 
heat transfer were investigated by comparison with the reference case. 

In case of light water reactors, the current safety standards stipulate that a nuclear reactor 
under normal operation conditions should have safety margins high enough to avoid the onset 
of dryout or Departure from Nucleate Boiling (DNB). This is mainly due to the fact that heat 
transfer conditions beyond the onset of dryout or DNB are not well understood and 
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predictions of clad and fuel temperatures are quite uncertain. Whereas post-DNB heat transfer 
is very poor and typically leads to an immediate damage of the heater, post-dryout heat 
transfer can be quite efficient, and a damage of the heater can be avoided. This opens a new 
perspective towards the definition of the safety margin as a margin to the clad damage rather 
than a margin to the occurrence of dryout, [23]. The present work is intended to provide 
additional experimental data to support this approach. 
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CHAPTER II 

 

 

2. Experimental facility and measurement techniques 

2.1 High-pressure water test loop 

The post-dryout heat transfer experiments presented in this thesis have been conducted in the 
High-pressure WAter Test (HWAT) loop at the Royal Institute of Technology in Stockholm, 
Sweden. The experimental facility consists of a main loop designed for the experimental part, 
a secondary circuit with coolant water at 20 ˚C used to cool the circulation pump and an 
electrical power supply. 

The flow diagram of the main loop is shown in Figure 1. The loop was designed to operate at 
pressures up to 25 MPa and temperatures of the working fluid up to 340 ˚C. All parts in 
contact with water (except the test section) are made of stainless steel. A test section with 
length up to 7.5 m can be accommodated in the loop. The electrical power is supplied from a 
direct current generator. The maximum available magnitude for the current is 6600 A and 
voltages up to 140 V can be supplied.  

The major components of the main loop are: filter, feed water pump, circulation pump, flow 
measurement system, control valve, pre-heater, test section, condenser and blow-off valve. 
The instrumentation panel and the data acquisition system are located inside of the control 
room.  

The loop is operating as follows. From the water supplier, the coolant has to pass first through 
a filter. After the filter, the water with an electrical conductivity less than 0.05 micro-Siemens 
is delivered to the main loop via the feed pump. The feed pump has a double role: to supply 
water to the loop and to increase the pressure to the desired value needed in the experiments. 
The circulation pump is used to maintain the flow within the main loop. During the 
experimental runs, the coolant can exhibit temperatures close to the saturation temperature. 
To avoid the cavitations phenomena, the temperature just upstream of the circulation pump is 
monitored continuously. The upper limit of the coolant temperature should not exceed 30 K 
bellow the saturation temperature. After the circulation pump, the coolant enters the flow 
measurement system and continues further through the automatic flow controlling valve. The 
working fluid continues to flow through a heating system consisting of two serial pre-heaters. 
One of the pre-heaters has a power of 155 kW and is needed to adjust the coolant inlet 
temperature to the conditions desired for the experimental run. Due to the length of the pipes 
between the pre-heater and the inlet of the test section, the heat losses through insulation are 
equivalent to 0.5-1.5 K in the temperature drop of the working fluid. To compensate the heat 
losses a second pre-heater was installed just before the inlet to the test section. The 
temperature of the coolant is monitored upstream of the flow measuring system, downstream 
of the pre-heater and at the inlet to the test section. From the test section, the coolant flows 
towards a condenser. The condenser has two separate circuits: a main circuit where the 
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working fluid from the main loop condenses to single phase and a second circuit where the 
level of the cooling water is controlled using two automatically operated valves. The 
temperature of the cooling water is monitored continuously. The experimental facility is 
equipped with a blow-off valve with two main functions: to control the pressure in the system 
and to release the working fluid from the main loop in case of an emergency situation. 
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         Figure 1. The High-pressure WAter Test (HWAT) loop. 

 

2.2 Test section 

The test section consists of a 12.7x24.3x3650 mm annulus assembled from two concentric 
pipes. In the present work the inner pipe is referred to as a rod while the outer pipe is referred 
to as a tube. Both the rod and the tube are manufactured from Inconel 600. This material had 
been chosen because of the small rate of change of the resistivity with the temperature, as 
shown in Figure 2. The design pressure and temperature for the test section are 18.3 MPa and 
973 K, respectively. Figure 3 (a) shows the mechanical connection of the test section on the 
tube side. Figure 3 (b) shows the azimuthally disposal of one level of the pin spacers on the 
outer tube.  
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Figure 2. Electrical resistance of Inconel 600 versus temperature, [24]. 

 

Figure 3. Mechanical and electrical connection of the test section (a); pin spacer supports (b). 

The experiments were conducted in three different test sections: a test section with pin spacers 
only denoted as test section A, a test section with pin spacers and cylindrical obstacles 
denoted as test section B, a test section with pin spacers and grid obstacles denoted as test 
section C. The blockage area of the flow obstacles is: 10.13% in case of pin spacers, 7.3% in 
case of cylindrical obstacles and 10.07% in case of grid obstacles.  Figure 4 shows the three 
test sections together with pin spacers and flow obstacles used in the experiments. 
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Figure 4. Test sections employed during experimental runs. 

 

 

20
 m

m
 

Rod Tube

Cylindrical 
obstacle 

mm

Grid obstacle 

Pins‐ 
spacer 

Guiding 
tube 

Spring 

3258 

36
50

  m
m
 

2580 

1750 

1000 

  520 

Test section A 

2996 

3372 

Test section B 

2996 

3418 

40
m
m
 

Test section C 



9 
 

2.3 Loop control and data acquisition system  

The control of the loop is done automatically through a command panel located in the control 
room. Pressure, mass flow rate, heat generation in the pre-heater, heat flux within the test 
section, opening and closing valves along with the water level from the secondary side of the 
condenser are directly controlled by the loop operator. The loop parameters mentioned above 
are double monitored: digitally (instruments with their own indicators) and through a 
computer graphical interface built using the graphical programming code Labview 8.2. The 
graphical interface controls two specific data acquisition instruments, a National Instruments 
system and an Agilent system. National Instruments system is used to collect the loop data 
while the Agilent system records only the temperature from the test section. Special routines 
are programmed in Labview 8.2 by the author for: heat balance, data reading and converting, 
raw data and formatted data recording. The data are visualized on two independent screens 
during the loop operation.  

2.3.1 Pressure measurements 

To measure the static pressure, a Barton cell device was connected to the pressure tap located 
above the test section. The measured pressure is the input parameter needed to calculate the 
saturation temperature. A Statham differential pressure transducer connected as shown in 
Figure 5 was employed to measure the pressure drop over the test section.  

 

Figure 5. Pressure drop over test section. 

The total pressure drop is obtained from the following equation:  

LgPP i ρ+Δ=Δ                                                                                                                        (1) 

Filled with 
water at 20 °C 
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where ΔP is the pressure drop over the test section, ΔPi is the instrument reading, ρ is the 
water density at 20 ˚C, L is the distance between pressure taps, g is the gravitational 
acceleration. 

A signal voltage of 1 V is equivalent with 10 MPa in case of static pressure measurements 
while the maximum output of the Statham transducers is 0.5 MPa. 

2.3.2 Flow measurements 

Two different flow-meters are employed to measure the mass flow rate in the loop: a turbine 
flow-meter and a system made of four pipes in which the pressure drops are measured with 
Barton cells, [13]. The turbine flow-meter measures the volume flow rate, proportional to the 
angular velocity of an immersed 6 blades rotor. When water passes one blade, an 
electromagnetic pulse is sent to an external sensor. The volumetric flow rate is calculated 
from the following formula: 

knQ =                                                                                                                                       (2) 

where n is the number of pulses and k is a factor depending on the impeller design and size. A 
subroutine in Labview 8.2 was written in order to convert the volume flow rate to the mass 
flow rate. The flow-meter is calibrated in 10 different points, see Figure 6. However a 
supplementary calibration was performed against the old Barton Cell measuring system over 
four different pipes depending of the flow range and the observed error was less than 1%. The 
measured parameters were voltages in a range of (0.0-1725) mV corresponding to a mass flow 
rate from (0.125-1,25) kg/s. 

 

Figure 6. Flow calibration chart, [25]. 

 

 

 



11 
 

2.3.3 Measurement of the fluid temperatures 

To control the operating conditions of the loop operation during experiments, the temperature 
at eight locations must be measured on the continuous basis. The thermocouples employed for 
the fluid measurements were mounted in wells, 120 mm deep and three mm in diameter. The 
measured temperatures are: 

• Coolant water temperature from secondary circuit of the circulation pump; 
• Coolant water temperature of the primary circuit before pump entrance to avoid 

cavitations; 
• Coolant water temperature of the loop before the flow measurement system that is 

necessary to calculate viscosity, specific volume and the mass flux;  
• Coolant water temperature of the loop after pre-heater necessary to refine the inlet 

conditions before the test section; 
• Coolant water temperatures at inlet and outlet of the test section that are necessary to 

calculate heat balance before starting two phase flow. The inlet temperature is needed 
to confirm experimental conditions; 

• Coolant water from the secondary circuit of the condenser. 
 

2.3.4 Measurement of the wall temperatures 

The temperature of the annulus walls was recorded with 88 thermocouples, 40 located axially 
inside of the inner rod and 48 located axially outside of the outer tube. To facilitate the 
arrangement of the thermocouples, a special tool based on 80 rulers was designed. Figure 7 
shows the improvised device.  

 

Figure 7. Device for mounting thermocouples inside the rod. 

The thermocouples located inside of the inner rod were disposed in a bundle with a “dummy” 
core. Two layers of tape namely the glass fibre tape and the mica tape were used to keep 
tightened the bundle and respectively to insulate and protect the thermocouple head from the 
wall hot surface. The thermocouples were pressed to the wall by small springs located in the 
opposite location, see Figure 8.  
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Figure 8. Thermocouple and spring during “bundle” assembling. 

The outside tube thermocouples were set directly on to the outer tube wall. A glass fibre tape 
was used to protect as well the thermocouple heads against very hot wall surface. The last 8 
thermocouples were distributed azimuthally, 4 before and 4 after the last obstacle position on 
the outer tube to capture the azimuthal distribution of the temperature in its immediate 
vicinity. 

In order to observe the temperatures variation of the inner rod and outer tube surfaces at the 
location where cylindrical obstacle is mounted, 6 thermocouples (3 on the rod side and 3 on 
the tube side) are mounted as shown in the Table 1. The rod and tube surfaces encompassed 
by the obstacle are scanned at the locations of the first and second cylindrical obstacles. The 
last 8 thermocouples were distributed azimuthally - 4 before and 4 after the last obstacle- on 
the outer tube to capture the azimuthal distribution of the temperatures on the tube outer 
surface. 

Table 1. The thermocouple locations on the rod and tube walls (distance from the beginning 
of the heated length in mm). 

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 
1607 1657 2225 2275 2353 2452 2553 2601 2616 2627 
T11 T12 T13 T14 T15 T16 T17 T18 T19 T20 
2637 2712 2767 2822 2878 2933 2986 2997 3004 3009 
T21 T22 T23 T24 T25 T26 T27 T28 T29 T30 
3018 3070 3107 3145 3181 3219 3256 3293 3329 3367 
T31 T32 T33 T34 T35 T36 T37 T38 T39 T40 
3378 3383 3389 3398 3442 3475 3510 3544 3588 3611 
 

 

2.3.5 Measurement of the heat flux 

The main electrical power source of the loop consists of a DC generator driven by an AC 
motor, which can provide a maximum current of 6600 A and a voltage in a range from 0 to 
140 V. The electrical power on the test section is calculated measuring voltages and currents 

Thermocouple   Spring  
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over parallel-calibrated shunts. With an additional electrical pre-heater of 155 kW the 
maximum power in the loop reaches one megawatt. Figure 9 presents schematically the 
electrical circuit for the test section. The total current It is calculated in a Labview subroutine 
by means of the voltage measured over calibrated shunt 1. The currents through the tube walls 
were calculated in the same manner using the calibrated shunt 2. 

Due to the thickness, the electrical resistivity of the tube is six times lower compared to the 
electrical resistivity of the inner rod. To control the electrical power distribution ratio between 
rod and tube, a coupling resistor made by stainless steel with a length of five meters was 
connected in serial with the tube. The electrical resistivity of the coupling resistor varies with 
the length.  

 

Figure 9. Electrical coupling between inner rod and outer tube. 

2.3.6 Data acquisition system 

The data acquisition system consists of a National Instruments data logger used to control the 
main loop and Agilent data logger used to record the temperature of the walls surfaces in the 
test section. The National Instruments data logger has a SCXI1000 chassis with four slots. 
One slot is used by a card SCXI 1100 to control the chassis. The card has eight recording 
galvanic isolated channels. Signals for flows, pressures, pressure drop and heat fluxes are 
recorded via SCXI 1000 card.  Due to very high currents, an Agilent data logger with 104 
independent galvanic isolated channels had to be used to record the annulus wall 
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temperatures. The National Instruments data logger was connected to the computer via a 
6024E card while the Agilent instrument was connected via UDP cable network, [26]. 

The 6024 E card has maximum sampling frequency of 500 samples per second. The card can 
scan simultaneously eight channels. However in this experimental work the temperature in the 
loop was read eight times and an averaged value was recorded. The Agilent system was 
slower compared with NI instruments, due to the fact that integration and averaging over the 
time for the scanned value are done internally. As a result the data from the test section were 
recorded every three seconds. However two different files were created: one with selected 
data in the excel file format and a data log file where the raw data was stored in the text file 
format. 

 

 

Figure 10. The Labview  interface. 

The graphical interface of the Labview system is presented in Figure 10. The initial interface 
was built by Persson for the experiments performed in 2004, [32]. This author introduced a 
few additional subroutines to control the coupling resistor, the new flow meter system and to 
monitor the secondary cooling circuit of the pump. The calculation of the power, the quality, 
and the enthalpy was fully upgraded based on the XSteam water tables [31], mainly all 
control block behind all subroutines being changed. The upgraded system can be used in a 
pressure range of 0.1-25 MPa.  
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2.4 Measurements techniques and procedures  

2.4.1 Heat balances 

Two copper rings, each 0.1 m long, were soldered on both the rod and the tube. In the present 
work the distance between the copper rings is referred to as the heated length. The electrical 
power was supplied via two copper electrodes connected to the copper rings. In order to keep 
heat losses at an insignificant level, 90 millimetres thick glass fibre insulation was mounted 
around the test section. Nevertheless, for calculation of the heat flux all the heat losses were 
taken into account. 

Each series of experiments was initiated with a measurement of heat balance for single phase 
flow in the test section. In that way the accuracy of instrumentation was checked. At the 
beginning of the measurements, to check the accuracy of the instrumentation, the heat 
balances for single phase flow were performed every time. The temperatures of the liquid 
measured at the inlet and outlet of the test section were used to determine the enthalpy gain 
over the heated length. The calculated thermal power was compared with the electrical power 
output supplied to the test section by the DC generator. If the error was below 0.5%, the 
electrical power have been used in the calculations needed for two-phase flow. For instance, 
the steam qualities were calculated by use of heat balance for boiling at the axial position z.  If 
it is assumed that power generated from the inlet to the axial position z is q(z), the heat 
balance equation is: 

                                                                                             (3) 

where: q(z) =  power generated, x(z) = steam quality  at position z, if  = saturation enthalpy of 
the liquid, iin = the inlet enthalpy of the liquid, ifg = latent heat of vaporization,W = mass flow 
rate, [kg/s] 

 

2.4.2 Experimental matrix 

The experimental conditions are summarized in Table 2. 

Table 2. Experimental runs. 

Test section Pressure 
[MPa] 

Subcooling  
ΔTsub [K] 

Mass flux range 
[kg/ m2s] 

Number of runs 

Test section A 5 10 500÷1300 63 
7 10 500÷1750 65 
7 40 500÷1500 40 

Test section B 5 10 500 15 
7 10 500 25 

Test section C 7 10 500÷750 42 

Test section A 
 (Dryout on tube)  

7 10 568÷1000 24 
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Both the rod wall and the tube wall were electrically heated in the annular test section and 
heat fluxes from 46 kW/m2 to 120 kW/m2 were used. To obtain the dryout conditions on the 
surface of the inner rod, the heat fluxes in both rod and tube had to be approximately equal. 
Instead, to reach the dryout conditions on the tube side, the heat flux on the tube surface had 
to be doubled. The pressure given in Table 2 represents the pressure at the outlet of the test 
section and subcooling represents the difference between the saturation temperature and the 
temperature measured at the test section inlet. 

The experiments conducted in case of the test section with pin spacers (test section A) are 
considered as reference cases. After the reference cases were carried out, the test section was 
dismantled and two cylindrical obstacles made of stainless steel were silver soldered on the 
inner rod. A second set of the experiments were performed in similar thermal hydraulic 
conditions, (test section B). The test section was dismantled third time and the cylindrical 
obstacles were replaced with two grid spacer cells, (test section C). 

 

 2.4.3 Experimental method 

Experimental runs were initiated with single-phase runs in order to: 

• measure pressure drop in the test section and obtain the friction coefficient 
relationship as well as an expression for  local pressure losses for obstacles;  

• measure the inner and outer wall temperature at high Reynolds numbers to check the 
thermocouple readings and to validate the procedure to calculate temperature drop 
across the heated walls. 

 
The standard methods to perform measurements of post-dryout heat transfer include the 
following steps: 

• For a set of chosen parameters such as inlet subcooling, mass flux and pressure, the 
power of the heater was set slightly below the level that corresponds to the first 
occurrence of dryout in the test section; 

• Once the steady-state conditions were achieved, the power was increased step-wise 
(keeping the rest of the parameters constant) and the temperature distributions were 
recorded; 

• The procedure was repeated for the same inlet conditions, in case of all three different 
kinds of flow obstacles. 

 

2.5 Uncertainty analysis 

In the experimental studies, one of the most important issues is a proper assessment of the 
accuracy of the measurements. The uncertainties in the present study can be classified as 
follow: the uncertainty of a measured parameter, the uncertainty of a derived variable due to 
the propagation of uncertainties of measured variables and the uncertainty due to numerical 
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iterations. All measurements of temperatures, pressure, pressure drops, mass flow rates, 
thermal conductivity, currents and voltages are subjects to a certain degree of uncertainty.  

• Uncertainty of temperature measurements is indicated for standard K thermocouples 
class 1 as: 1.5 K for a wall temperature up to 473 K and 2.5 K for a wall temperature 
up to 973 K, [27]. 

• Uncertainty of mass flow rate measurements: ±0.5 %, [25]. 
• Uncertainty of static pressure measurements: ±0.1 %, 
• During heat balance operation, the electrical power was compared with the enthalpy 

increase over the test section and the total power uncertainty was estimated as ±0.5 %. 
 
To correct the readings of the assembled thermocouples, three experiments were conducted in 
case of adiabatic, single phase flow at 299 K, 383 K and 483 K.  An average of the inlet and 
outlet water temperatures, from the test section, which differs with less than 0.8 K was 
compared with the 40 thermocouple readings for the rod and 40 for the tube.  For each case, a 
linear equation was established and extrapolated up till 850 K. The wall inner surface 
temperature of the rod and the wall outer surface temperature of the tube were corrected by 
adding temperature deviation, ΔT to the measured values. The temperature corrections are 
presented in Figure 11. 

 

Figure 11. Temperature deviations for rod. 

An important parameter which also shows an uncertainty is the thermal conductivity of the 
wall (rod and tube). Based on the specifications provided by the manufacturer an equation 
based on the quadratic fittings was derived. The walls temperature of the wetted surfaces of 
the test section was calculated using one-dimensional conduction model. However, to obtain 
an accurate value of the wall temperatures, an iterative procedure was developed.  The walls 
of the pipes were divided in 50 equal segments and the temperature of the wetted surface was 
obtained by stepwise integration. The method introduces an additional uncertainty of 0.01% 
in the calculation of the wetted surface temperature.  
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Figure 12. Temperature distributions inside of the wall of the rod. Mass flux G=500 kg/m2s, 
inlet subcoolig ΔT=10 K, pressure P= 5 MPa, heat flux q’’= 534.3Wm-2, test section A. 

 

Figure 13. Thermal conductivity versus temperature. 

The outer wall temperature of the rod and the inner wall temperature of the tube are derived 
from the conduction equation with heat sources. The final forms for the outer wall 
temperature of the rod and the heat transfer coefficient are as follows: 

                                                                                           (4) 



19 
 

                                                                                        (5) 

where, Tro = wall temperature at the outer (wetted) surface, Tri = wall temperature at the inner 
(insulated) surface, ri, ro= the inner/outer radius of the rod, Tf = the fluid bulk temperature, qv 

= volumetric heat density. 

The propagation error in case of the temperature of the rod outer wall and the heat transfer 
coefficient were found as: 

.
                                                                (6) 

.

                               (7) 

where, uTri, uTf, represent  the temperatures uncertainties, uqv represents the heat source 
uncertainty, uλ represents the thermal conductivity uncertainty, uTro , uhrod represent the 
calculated uncertainties for the rod outer wall surface and heat transfer coefficient, 
respectively. 

It can be easily seen that the influence of the heat flux and the thermal conductivity is rather 
small in case of the wetted wall temperature calculation. The major source of uncertainty 
remains the precision of the thermocouples. As a consequence the uncertainty in calculation 
of the temperature of the outer wall of the rod is in a range of (1÷2.5) K., as shown in Figure 
14.  

 

Figure 14. The rod outer wall temperature with indicated error-bars. Mass flux G=500 kg/m2s, 
inlet subcoolig ΔT=10 K, pressure P= 5 MPa, q’’= 499 kW/m2, test section A. 
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Figure 15. Measured heat transfer coefficient of the rod wall surface. Mass flux G=500 
kg/m2s, inlet subcoolig ΔT=10 K, pressure P= 5 MPa, test section A. 

 

In case of the heat transfer coefficient, an additional source of uncertainty is due to the 
method of assessment of the temperature of the fluid. Because the temperature of the outer 
wall of the rod and the temperature of the fluid are close to each other in pre-dryout regime, 
the errors in heat transfer coefficient calculations exceed 25%. However the wall superheat in 
case of post-dryout regime is several times higher than in the pre-dryout regime. 
Consequently, the error in calculation of the heat transfer coefficient is less than 1.5%.  Figure 
15, shows the error bars for the heat transfer coefficient for the reference case (subcooling 
ΔT=10 K, pressure p=5MPa). 
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CHAPTER III 

3. Results and discussions 

The present study shows that the influence of flow obstacles on post-dryout heat transfer is 
quite significant. Their primary effect is to disturb the flow field of the vapour phase which in 
turn causes an increase of the deposition rate of liquid droplets. The effect however depends 
on the obstacle shape and its axial location. In this study the net effect of obstacles was 
investigated by comparing the data obtained in the reference test section (with pins only) and 
the test section with introduced flow obstacles. The results of runs with three different 
geometries (test sections A, B and C) are presented in Figures 16 through 21. 

3.1 Wall superheat 

In the present work, the wetted wall surface temperature was obtained by solving the heat 
conduction equation with internal sources of thermal energy generation, as described in 
Chapter II. The surface superheat is defined as a difference between the wall surface 
temperature and the saturation temperature.  

3.1.1 Test section with pin-spacers 

In Figures 15 through 17 the surface superheat versus axial distance for various operating 
conditions are shown.  

 

Figure 16. Measured superheat of rod wall surface for various heat fluxes. Mass flux G=500 
kg/m2s, inlet subcoolig ΔT=10 K, pressure P= 5 MPa, test section A. 

A typical development of the dryout patch can be observed in Figure 17. Initial dry patch 
appears at the exit of the test section when heat flux is equal to 463 kW/m2. In the next two 
experimental runs the rod surface superheat increase with 150 respectively 200 K. In both 
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cases, the dryout patch is still located downstream of the last level of the pin-spacers. When 
the heat flux increased to 490 kW/m2, a second dryout patch was developed upstream of the 
last pin-spacer location. In this case, the effect of the pin- spacer is plainly visible: the dry 
patches are quenched just downstream of the pin-spacer and the surface superheat is reduced 
to the values observed in forced convective heat transfer regime. The effect of the pressure 
can be noticed by comparing Figures 16 with 17. In case of lower pressure (5 MPa), the 
drypatch occurrence is delayed until the heat flux become 511 kW/m2. A second drypatch is 
not initiated in this case. Only when the heat flux exceeds 511 kW/m2, the second drypatch 
was started to develop. Analyzing Figure 17, one can observe in case of higher pressure (7 
MPa) and 499  kW/m2 , two fully developed drypatches, maximum wall superheat being 
located at the test section exit.  The main reason for this behaviour is the latent heat of 
vaporization which is higher in case of the lower pressure. 

 

Figure 17. Measured superheat of rod wall surface for various heat fluxes. Mass flux G=500 
kg/m2s, inlet subcoolig ΔT=10 K, pressure P= 7 MPa, test section A. 

 

A peculiar behaviour was noticed in the cases shown in Figure 19, in which a dryout patch 
developed just downstream of the last pin spacer. The inlet conditions are similar to those 
presented in Figure 18, except the inlet subcooling which is higher. Usually this type of 
behaviour is not expected due to improved cooling conditions prevailing downstream of 
obstacles. It is believed that in the observed cases the liquid film was thinned due to the 
presence of the pins and at high enough heat fluxes this lead to evaporation of the film and to 
creation of a drypatch. 
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Figure 18. Measured superheat of rod wall surface for various heat fluxes. Mass flux G=750 
kg/m2s, inlet subcoolig ΔT=10 K, pressure P= 7 MPa, test section A. 

 

 

Figure 19. Measured superheat of rod wall surface for various heat fluxes. Mass flux G=750 
kg/m2s, inlet subcoolig ΔT=40 K, pressure P= 7 MPa, test section A. 
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3.1.2 Test section with pin-spacers and cylindrical obstacle 

After the reference cases were carried out, the test section A has been dismantled and replaced 
with test section B. Figure 20 shows the measured superheat of the wall in case of the 
cylindrical obstacle. Three dryout patches at three different locations were obtained in these 
runs. The effect of cylindrical obstacle was investigated in both positions. The dryout patch 
starts to develop close to the exit from the test section when the heat flux was increased to 496 
kW/m2. The dominating heat transfer regime is still forced convection. Once the heat flux was 
step changed to 502 kW/m2 the second drypatch was build up just upstream of the pin-
spacers. In this situation the effect of the pin-spacer is noticeable: the drypatch is quenched 
just downstream of its location and the surface superheat is reduced to the values observed in 
pre-dryout heat transfer regime.  A minor effect of the cylindrical obstacle can be seen 
downstream of its location; dryout occurrence was moved by approximately 10 mm. However 
when heat flux was suddenly enlarged to 537 kW/m2, a third dryout patch was noticed just 
upstream of the first cylindrical obstacle. The cylindrical obstacle has an undersized effect: 
the surface of the wall is slightly quenched, the wall temperature being above the wall 
temperature observed in the boiling regime. Instead, the effect of the last pin-spacer is very 
pronounced. For a short distance the liquid film is re-created after the pin-spacer and the local 
wall surface temperature corresponds to the pre-dryout heat transfer regime. The pin-spacer 
seems to be more effective in enhancing the heat transfer than the cylindrical obstacle. This 
may be caused by the fact that the flow blockage area of pin-spacers is higher than the 
blockage area of the cylindrical obstacles and thus local turbulence is increased. 

 

 

Figure 20. Measured superheat of rod wall surface for various heat fluxes. Mass flux G=500 
kg/m2s, inlet subcoolig ΔT=10 K, pressure P= 7 MPa, test section B. 
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3.1.3 Test section with pin-spacers and grid obstacle 

After the experimental investigations carried out in case of the test section B, the annulus was 
dismantled for the third time. The cylindrical obstacles were replaced with the grid spacer 
cell. In order to capture the effect of the pin-spacers, the second grid obstacle was shifted with 
0.046 m.  Figure 21 shows the results obtained in case of the test section with grid obstacles.  

Four drypatches were obtained in this experimental runs. The dryout patch first appears at the 
exit from the test section when heat flux on the rod exceeded 565 kW/m2. When the heat flux 
reached 692.1 kW/m2 two additional dry patches were developed: one downstream of the pin-
spacer and the second inside of the grid obstacle. Three facts can be noticed: (a) the combined 
effect of the first grid obstacle and pin-spacers leads to a delay of dryout appearance, (b) for 
short distance the drypatch  is quenched  downstream of the pin-spacers, (c) drypatch was 
developed inside of the grid obstacle, but due to the local  turbulence and droplets running-off 
towards the wall, the temperature of the wall, downstream of the flow obstacle position  
corresponds to the convective heat transfer regime. 

 

Figure 21. Measured superheat of rod wall surface for various heat fluxes. Mass flux G=750 
kg/m2s, inlet subcoolig ΔT=10 K, pressure P= 7 MPa,test section C. 

A fourth drypatch was developed just upstream of the first grid spacer, when heat flux 
exceeded 700 kW/m2. The grid obstacle has a blockage area comparable with the pin-spacer. 
Moreover, the grid obstacle has a complicated geometry. Both, the blockage area and the 
shape of the obstacle disturb the flow pattern and enhance the turbulence downstream of its 
location. As a consequence the liquid film is re-established over a distance equal with 0.1 m 
downstream of the grid obstacle and the drypatch is effectively quenched, wall superheat 
being similar to the one observed in convective boiling regime. 
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3.2 The heat transfer coefficient 

In Figures 22 through 25 the heat transfer coefficient versus quality for both, rod and tube are 
shown. The experimental results are compared with the predictions obtained with the Chen 
correlation, [28], for pre-dryout and the Groeneveld correlation, [29], for post-dryout 
conditions, respectively. Each obstacle used in present experiments induced a different 
behaviour. However, in the pre-dryout region the experimental results are subjects to the high 
uncertainties due to the closed values of the wall temperature to the saturation temperature. 

The Chen correlation expresses the heat transfer coefficient as a contribution of two parts: a 
macroscopic contribution (bulk), and a nucleate boiling contribution [28]: 
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Where h, hmic, hmac= heat transfer coefficients (total, microscopic and macroscopic), Xtt = 
Martinelli parameter, λf = thermal conductivity of the liquid, ρf, ρg = liquid and gas densities at 
saturation conditions, µf,µg = liquid and gas dynamic viscosity at saturation conditions, G = 
mass flux, x = quality, Dh = hydraulic diameter, cpf = liquid specific heat capacity at 
saturation, σ = surface tension, ifg = latent heat of vaporisation, ps = saturation pressure at the 
wall temperature in [bars], pf  = actual fluid pressure in [bars].  

The Groeneveld correlation for an annular channel is defined as follow [29]: 
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where Dh is the hydraulic diameter, xe is the equilibrium quality, ρf is the liquid density at 
saturation and ρg, μg and λg are density, dynamic viscosity and thermal conductivity of the 
vapour phase at saturation, respectively. The vapour-phase Prandtl number, Prv,w, is evaluated 
at the wall temperature. The recommended values of constants a, b, c and d for annuli: 
a=0.0520, b=0.688, c=1.26 and d=−1.06. 

Figures 22 and 23 show the heat transfer coefficient in case of experimental runs with pin-
spacers. The turbulence induced by the pin-spacers and the local cooling of the wall lead to an 
increase of the heat transfer coefficient downstream of the pin-spacers. The droplets entrained 
into the vapour flow are driven randomly to both walls surfaces (rod and tube) making the 
liquid film thicker on both, rod and tube walls. This phenomenon contributes supplementary 
to the improvement of the heat transfer.  

It can be observed also an improvement of the heat transfer regime before the drypatches 
initiation. In both cases (low and high subcooling) the heat transfer coefficient increases in 
those regions most probably due to the turbulence induced by the roughness of the wall 
surfaces. The second phenomenon noticed was a delay in the onset of dryout in case of higher 
subcooling. The liquid film is nearly disrupted but later is remade downstream of the pin-
spacers for a short period just before the second drypatch initiation.  

The Chen correlation qualitatively agrees with the measured heat transfer coefficient 
downstream and upstream of the pin-spacer locations. It can be noticed a slight 
underestimation in case of higher subcooling for the rod case while on the tube side, 
downstream of the pin-spacer locations fails to predict the heat transfer coefficient.  

In the post dryout region a comparison with Groeneveld correlation has been done. In both 
cases (lower and higher subcooling) the predictions of the correlation are in agreement with 
the measured heat transfer coefficients. A very slight overestimation of the heat transfer 
coefficient in the post-dryout region was observed. The immediate effect is an 
underestimation of the wall superheat. A possible reason could be that the Groeneveld 
correlation works better for flow in a pipe but not for flow in an annulus. 
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Figure 22. Measured heat transfer coefficient.. Mass flux G=750 kg/m2s, inlet subcoolig 
ΔT=10 K, pressure P= 7 MPa, test section A. 

 

Figure 23. Measured heat transfer coefficient.. Mass flux G=500 kg/m2s, inlet subcoolig 
ΔT=40 K, pressure P= 7 MPa, test section A. 

Figures 24 and 25 show the heat transfer coefficient versus quality in case of experimental 
runs with pin-spacers and additional obstacles. In both cases (test sections B and C) there are 
three, respectively  four drypatches developed for each of the runs. In both cases the pin-
spacers have the strongest effect, the regions downstream of the pin-spacers being effectively 
quenched. 
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Figure 24. Measured heat transfer coefficient. Mass flux G=500 kg/m2s, inlet subcoolig 
ΔT=10 K, pressure P= 7 MPa, test section B. 

The cylindrical obstacle, due to its small blockage area, has a negligible influence on the post 
dryout heat transfer regime in case of the wall surface of the rod. The heat transfer coefficient 
is definetly increased at the cylindrical obstacle location but remains bellow the value from 
the force convective boiling regime. The effect of the obstacle dissapears downstream of its 
position, in case of the rod wall surface. Instead, the heat transfer coefficient is incresed on the 
wall surface of the tube,  due to the turbulence induced by the cylindrical obstacle.  

The Groeneveld correlation presents a good agreement with the experimental data in case of 
runs with pin-spacers and cylindrical obstacles, however, additional modifications of the 
correlation are needed to capture the effect of obstacles. 

Due to its complicated shape and the larger blockage area the grid obstacle has more clear 
influence on heat transfer as compared to the cylindrical obstacle.  

The Chen correlation is in agreement with the trend of the measured data but highly 
underestimates the heat transfer coefficient in the pre-dryout conditions. The discrepancies are 
pronounced in case of the runs with pin-spacers and grid obstacles, see Figure 25. The reason 
can be the validity range of the Chen correlation (below 3.9 MPa in the original version and 
below 6.9 MPa in the General Electric version).  
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Figure 25. Measured heat transfer coefficient. Mass flux G=750 kg/m2s, inlet subcoolig 
ΔT=10 K, pressure P= 7 MPa, test section C. 
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3.3. The influence of the flow obstacles  

Figure 26 shows a comparison between the superheat of the rod surfaces in the test sections 
A, B and C. The inlet conditions are the same in all three cases, including the applied heat 
fluxes. 

 

Figure 26. Measured superheat of rod wall surface for various heat fluxes. Mass flux G=500 
kg/m2s, inlet subcoolig ΔT=10 K, pressure P= 7 MPa, heat flux rod q’’= 500 kW/m2. 

For the reference case (test section A) it can be observed that two drypatches developed 
upstream and downstream of the last pin-spacer. The effect of the pin-spacer is clearly visible: 
downstream of its location the drypatch is quenched along a distance of nearly 80 mm. A 
similar behaviour was noticed for test section B, for which a small influence due to the 
cylindrical obstacle was observed. Firstly, the dryout initiation upstream of the pin-spacer is 
delayed with approximately 50 mm.  The second drypatch is delayed also over a distance 
equal with 100 mm. Secondly, at the drypatch locations, the maximum temperatures of the 
wall surface were 50 K lower than the temperatures measured for the reference case.      

The third line (triangles) shows the wall superheat for the run conducted in test section C. 
Since blockage area of the grid obstacle is nearly equal to the one of the pin-spacer, their 
effect is comparable. As a result the first grid obstacle suppresses completely the dryout 
initiation downstream of its location, while the cylindrical obstacle only postpones the dryout 
occurrence. In case of the second grid obstacle the onset of dryout is cancelled too. 
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3.4 The onset of the dryout 

Figure 27 shows a comparison between two different runs: a reference case (circles) versus a 
case where two cylindrical obstacles were inserted (rectangles). It can be observed that the 
drypatch appeared only in the reference case when heat flux reached a magnitude of 511.4 
kW/m2. When cylindrical obstacles were inserted, despite the heat flux was 3 % higher 
compared to the heat flux from the reference case, the drypatch was not initiated.  The main 
reason is the turbulence created downstream of the cylindrical obstacle location which 
improves the heat transfer coefficient and allow for a better cooling of the wall surface. 

 

Figure 27. Measure superheat of rod wall surface (test sections A and B) Mass flux G=500 
kg/m2s, inlet subcoolig ΔT=10 K, pressure P= 5 MPa. 

Figures 28 and 29 show comparisons between experimental runs performed in test sections A 
and C. It can be observed that the drypatches appear only in the reference cases. There are two 
main causes which cancel the onset of dryout in the test section where grid obstacles were 
inserted: additional pressure drop and the grid obstacle itself.  However, the additional 
pressure drop is almost negligible (100 Pa per grid cell) and the effect is not significant.  
Instead due to the obstacle, the liquid droplets entrained into the vapour phase are pushed 
back to the surface of the wall. The second effect of the grid obstacle is that the droplets 
collected on the obstacle surface, runoff towards wall surface. The immediate effect is 
increasing of the liquid film thickness and consequently the local quenching of the surface of 
the wall. Analysing Figure 28 and 29 it can be observed an increase of the grid spacer cell 
effect with the mass flux increase. For instance, in case of mass flux equal to500 kg/m2s, the 
heat flux in test section C is 8% higher compare with reference case. For mass flux equal to 
750 kg/m2s, the heat flux in the test section C is 13% higher compared with the reference 
case. In both cases the dryout in the test section C is not initiated.    
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Figure 28. Measured superheat of rod wall surface (test sections A and C) Mass flux G=500 
kg/m2s,  inlet subcoolig ΔT=10 K, pressure P= 7 MPa. 

 

Figure 29. Measured superheat of rod wall surface (test sections A and C) Mass flux G=750 
kg/m2s,  inlet subcoolig ΔT=10 K, pressure P= 7 MPa. 

The critical quality versus measured mass flux is presented in Figure 30. The trend indicates a 
strong dependency of the critical quality with the mass flux increase. The onset of the dryout 
is initiated at lower values in case of higher mass flux. One important observation can be 
made here. The critical quality values are nearly the same for various mass fluxes, despite the 
differences in pressure or inlet subcooling conditions.  

The experimental results were compared with the calculated critical quality obtained from two 
general correlations: Levitan-Lantsman, [30] and Cise-General Electric, [28]. The Levitan and 
Lantsman correlation is expressed in case of pipe with a diameter of 8 mm as follows: 
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where xcr is the critical quality, p is the pressure in [bar], and G is the mass flux in [kg m-2s-1] 
and D is diameter in [mm]. The application range of the correlation is 9.8<p<166.6 [bar] If 
the correlation is used for pipes with different diameters a correction factor given by equation 
(17) has to be taken into account. 

For subchannels and implicit for an annulus a General Electric correlation can be employed: 
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 23.1356/GGR =                                                                                                                    (22) 

 757.6894/ppR =                                                                                                                   (23) 

where xcr is the critical quality, p is the pressure in [bar], G is the mass flux in [kg m-2s-1] and 
LB is the boiling length in [m]. 

Despite of very large range of applicability, the Levitan-Lanstman correlation strongly over-
predicts the critical quality as shown in Figure 30. The main reason is the different geometry: 
pipe in case of the correlation and annulus in case of the experimental investigations. 
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Figure 30. Critical quality versus mass flux. 

 

The Cise-General Electric correlation was built based on initial CISE correlation where 
optimizations introduced by General Electric cover a higher flow range. The Cise-General 
Electric correlation underestimates the critical quality but compared with Leviatan and 
Lantsman has better accuracy. The prediction is improved with the mass flux increase. Both 
correlations are functions of pressure and mass flux (in case of CISE the quality-boiling 
length concept was added supplementary and was restricted to BWR applications, [28].  

Figure 31 presents the distribution of the critical quality function of the measured critical heat 
flux. The plots represent the “missing” part of the previous figure. Obviously pressure has a 
significant effect on the onset of the dryout. For instance one can observe that the quantity of 
heat absorbed by the fluid is much higher in case of lower pressure. The same conclusion is 
available in case of higher subcooling: the heat transported by the fluid is bigger in case of 40 
K subcooling compared with 10 K subcooling. Evidently subcooling has important 
contribution in delaying the onset of the dryout.  

Figures 30 and 31 indicated a significant influence of the inlet conditions but still one cannot 
explain why the critical quality exhibits similar values in all cases for the same mass fluxes.  
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Figure 31. Measured critical quality of the rod wall surface, pressure P= 5, 7 MPa. 
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CHAPTER IV 

4. Conclusions and future work  

4.1 Conclusions  

New measurements of post-dryout heat transfer in annuli with various flow obstacles have 
been presented. The experiments have been performed with water as working fluid at 
pressures 5 and 7 MPa, inlet mass flux 500-1750 kg/m2s and inlet sub-cooling 10 K and 40 K. 
A thorough analysis of the experimental uncertainties has been performed to provide accurate 
data that can be used for validation of computational models. A high spatial resolution in the 
measurements has been obtained by placing 88 thermocouples along test sections, from which 
40 thermocouples have been placed inside of the heated rod. 

The net effects of the cylindrical and grid flow obstacles have been measured by using a 
reference test section where only pin-spacers were used to support the central rod. It is 
concluded that flow obstacles improve over-all critical power in test sections. This effect 
seems to depend on the obstacle location, shape and blockage ratio. In post-dryout regime the 
obstacles either quench the dry patch downstream of their location, or reduce the wall 
temperature. 

It has been observed that the flow obstacles have an essential influence on the post-dryout 
heat transfer. From all three different kinds of flow obstacles, namely, pin-spacers, cylindrical 
obstacle and grid obstacle, the pin-spacers are the most effective (due to their highest 
blockage area from all investigated flow obstacles) , even in the case of very high heat flux 
being able to influence the recovery of the liquid film downstream of their locations. 

The heat transfer coefficient presents large uncertainties (up to 25%) in the pre-dryout heat 
transfer regime. However, the uncertainties are low (about 2%) in the post-dryout heat 
transfer regime. In this regard the present data can be used for validation of mechanistic, high 
accuracy post-dryout heat transfer models.  

A general agreement of selected correlation (Chen, Groeneveld, Levitan-Lantsman and Cise-
General Electric) with the present data is satisfactory. However, it has been noticed that the 
Chen correlation under-predicts the heat transfer coefficient in the pre-dryout region, in the 
direct proximity of the onset of dryout point. At this location heat transfer seems to be 
intensified due to increased evaporation of the liquid film. 

The effect of the flow obstacles cannot be captured by selected correlations. However the 
Groeneveld correlation agrees qualitatively with the experimental results but quantitatively 
underestimates the heat transfer coefficient.  
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4.2 Future work  

The future work will be concerned with a new look inside of the data regarding influence of 
the flow obstacles to the local parameters such quality and local heat transfer coefficient. 
Measurements of the vapour superheat can be helpful in this regard.  

The next step will be concerned with a development of a mechanistic model of the post-
dryout heat transfer which can be either implemented into system codes or used as stand-
alone program. Some initial analytical work was initiated in [21] where a phenomenological 
model was proposed. In addition, the influence of the impinging droplets on the wall surface 
can be taken into account. For this purpose a detailed numerical model will be developed to 
study the local heat transfer coefficient in the vicinity of a sliding liquid droplet along a 
heated wall. Such effects as direct heat transfer to droplets and vapour, as well as heat transfer 
enhancement due to micro-convection in wakes of droplets will be properly quantified and 
analyzed. Results of the detailed numerical analyses will be used to develop closure laws for 
the mechanistic post-dryout heat transfer model. The model will be validated against the 
experimental data presented in this thesis and that are available in the literature. 
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