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Abstract

Convective heat transfer to CO2 flowing upward in electrically heated vertical tubes at

supercritical pressures was studied for wall heat fluxes q within ranges that included values

corresponding to the onset of heat transfer deterioration (HTD). The inlet pressure was

P = 8.35 MPa, the mass flux was in the range 200 kg/m2s ≤ G ≤ 1500 kg/m2s, and the

inlet temperature was in the range 0 ◦C ≤ Tin ≤ 35 ◦C. Wall temperature measurements

were collected in three tubular test sections, having inner diameters of D = 4.6, 8, and 22

mm. The abilities of three different HTD identification methods to separate the entire data

set into deteriorated and normal heat transfer modes were tested. Two types of buoyancy

parameters were tested as HTD detection methods, and correction factors for changes in

mass flux were devised. The minimum heat flux at HTD onset was found to follow a power

law of mass flux with the same exponent for all three sections and the same proportionality

coefficient for the two smaller sections but a smaller one for the larger test section. For

heat flux values that were larger than this minimum, HTD was found to occur only within

a limited range of Tin, whose width increased with increasing heat flux. The heat transfer

coefficient for normal heat transfer was expressed as an exponential function of the diameter.
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Chapter 1

Introduction

1.1 Background

Advanced designs of nuclear power plants are being considered for future development. The

main design goals for Generation IV nuclear reactor concepts are to improve economics,

enhance safety, extend sustainability, and strengthen proliferation resistance (Aksan et al.,

2014). A large number of potential designs were developed as a result of the Generation IV

initiative and among them, six concepts were selected. The only concept among the chosen

six that have evolved from the current generation of water cooled reactors is the supercritical

water cooled reactor (SCWR). Two of the main advantages for using supercritical water in

nuclear reactors are the increased efficiency and decreased costs which are achieved by the

simplification of plant components, systems, and layout (i.e., eliminating heat exchangers,

steam generators, steam dryers, and moisture separator reheaters). There is, however, a need

for qualified experimental data on the heat transfer characteristics for supercritical fluid flow

in rod bundles and straight pipes to be used in support of the safety analyses for SCWRs.

Atomic Energy of Canada (AECL) is designing the Canadian SCWR concept, which has

evolved from the well-established pressure tube type CANDU reactor. The Canadian SCWR

is designed to produce electricity as the main product, but it is also designed to produce pro-

cess heat, hydrogen, industrial isotopes, and drinking water (through desalination processes)

as supplementary products (Aksan et al., 2014). A national program has been established

in Canada to support R&D studies for the Canadian SCWR design and covers key areas

1
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Figure 1.1: Pressure-temperature diagram for CO2 (Pioro et al., 2011).

of interest (including thermalhydraulics, safety, materials, and chemistry) to participants in

the Generation-IV SCWR designs. The supercritical heat transfer research group at the

University of Ottawa, which is supported by this program, focuses on a range of thermohy-

draulics topics, including heat transfer, turbulence and the construction of a look-up table.

The Supercritical University of Ottawa Loop (SCUOL), a state-of-the-art facility designed

and constructed by the group, was used to collect the data used for the present thesis. The

results and discussions from the analysis of these experiments can be found in later chapters.

1.2 Heat transfer to supercritical fluids

At supercritical pressures, a fluid does not undergo phase change with a change in tempera-

ture, even though its thermophysical properties change significantly near the pseudocritical

line, which is the locus of points with temperatures corresponding to the maximum value of

the specific heat. The pseudocritical line for CO2 is shown in Fig. 1.1, whereas corresponding

changes of density, thermal conductivity, specific heat, and viscosity at a fixed supercritical

pressure are shown in Fig. 1.2.
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Figure 1.2: Changes of thermophysical properties of CO2 with increasing temperature at

P = 8.36 MPa (Pioro et al., 2011).

In general, crossing the pseudocritical line from left to right is quite similar to crossing

the saturation line from liquid to vapour. However, changes in thermophysical properties

near the pseudocritical temperature are gradual, whereas such changes across the saturation

temperature are abrupt. Therefore, supercritical fluids behave as single-phase substances,

although they may be distinguished into liquid-like and gas-like fluids, depending on whether

their temperature is lower or higher than the pseudocritical value.

In general, three major heat transfer regimes have been observed at supercritical pres-

sures:

1. Normal heat transfer

2. Enhanced heat transfer

3. Deteriorated heat transfer.

Heat transfer deterioration (HTD) is commonly detected by the presence of localized wall

temperature spikes, in contrast to the monotonically rising wall temperatures along the test
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Figure 1.3: Wall temperature profiles along a heated tube showing normal, enhanced, and

deteriorated heat transfer; solid line represents the bulk temperature.

section that characterize the normal heat transfer regime. HTD usually occurs in tubes at

relatively large wall heat fluxes and relatively low mass fluxes. Early experiments by Jackson

and Hall (1978) demonstrated that localized temperature spikes appeared under certain

conditions only in upward and not in downward flows under the same conditions, which led

to the hypothesis that buoyancy forces were playing a role. Later experiments at high heat

fluxes showed, however, that temperature spikes occurred in both upward and downward

flows, which led to a second hypothesis that flow acceleration rather than buoyancy forces

was causing this phenomenon to occur (Jackson, 2013). Enhanced heat transfer is commonly

detected by the presence of localized wall temperature drops and often occurs immediately

downstream of a wall temperature spike. Examples of the three supercritical heat transfer

(SCHT) regimes are presented in Fig. 1.3.
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1.3 Motivation and objectives

One of the most important requirements for accurate operation and safety analyses of fu-

ture supercritical nuclear power plants is an understanding and a predictive ability of the

deteriorated heat transfer regime, because of the adverse effects HTD can have on reactor

efficiency and safety. Results from heat transfer experiments using fluids at supercritical

pressures in vertical passages have shown, that, under certain conditions, unusual behaviour

can occur at locations where heat transfer is severely deteriorated. This unusual behaviour

manifests itself in the form of sharp or broad temperature spikes at various locations along

the heated channel for upward, downward, or even horizontal flows. This phenomenon was

first observed in the 1960s but a reliable method for its prediction has yet to be established.

The main objectives of this thesis are to collect and analyse heat transfer measurements

in three vertical tubular test sections (I.D. = 4.6, 8, and 22 mm) at heating and flow condi-

tions near those at the onset of HTD. Moreover, the results of these tests will be compared

to published analyses in an effort to improve HTD detection methods and HTD onset cor-

relations.

1.4 Plan of thesis

This thesis is organized into six chapters. Chapter 1 provides a description of the SCWR

concept and some background information on heat transfer to fluids at supercritical pressures.

The motivations and objectives of this work are also described in this chapter. Chapter 2

contains a literature review on different methods of identifying heat transfer deterioration

used by past researchers. The literature review also summarizes previous research work

concerning the onset of heat transfer deterioration. Chapter 3 describes the Supercritical

University of Ottawa Loop, on which the experiments were performed. Information about

the test sections used and the accompanying instrumentation are also presented. Chapter 4

provides a detailed description of the measurement procedures and the calculations carried

out for data analyses. Chapter 5 is an extensive chapter presenting and discussing the results

obtained from the experiments and the analyses performed, including comparisons to the

literature when possible. A complete collection of plots which display the entire data set



CHAPTER 1. INTRODUCTION 6

and plots displaying the results of the various analyses performed are included at the end of

corresponding section. Chapter 6 is the concluding chapter where all of the findings of this

study are summarized and recommendations for future work are outlined.



Chapter 2

Literature review

2.1 Detection methods of heat transfer deterioration

2.1.1 The occurrence of wall temperature spikes

The vast majority of authors have detected heat transfer deterioration by observing the

occurrence of wall temperature spikes along the test section. Many qualitative observations

have been documented, which categorize these temperature spikes by describing them as

sharp peaks or broad peaks and also in terms of whether they occurred near the heated test

section inlet or far downstream from it. Although this definition applies to most HTD cases

observed, it does not include cases in which the temperature spike was very broad, or even

spanned the entire test section. Moreover, there is no established criterion for the amplitude

of a spike that is appropriate for the heat transfer to be classified as deteriorated.

Some early observations by Goldman (1961) on water at supercritical pressures identified

two distinct heat transfer modes, one of which (the “unusual” mode) showed temperature

spikes near the end of the test section. In addition, the observed temperature spikes were

accompanied by a distinct “whistling” noise coming from the tube, which was similar to

noises commonly heard during boiling at subcritical pressures. Heat transfer impairment

was described by Shitsman (1963) as temperature “jumps” in the temperature profile and

it was observed that these jumps would occur at bulk enthalpies larger than 1630 kJ/kg for

water at supercritical pressures. Ackerman (1970) described an unpredictable heat transfer

7
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mode occurring when the wall temperature peaked while the pseudo-critical temperature was

between the bulk and the wall temperatures. There were a number of works (Glushchenko

et al., 1972; Yamagata et al., 1972; Grabezhnaya and Kirillov, 2006), which defined HTD

as temperature spikes in the temperature profile and then used this information to establish

a heat flux limit as a function of the mass flux in order to predict the onset of HTD. Pro-

topopov and Sharma (1976) performed an investigation using carbon dioxide at supercritical

pressures and observed local temperature spikes, which they related to the Rayleigh num-

ber. Yamashita et al. (2003) performed experiments on heat transfer and pressure drop of

HCFC22 at supercritical pressures and defined HTD by the presence of temperature spikes;

they observed that broad peaks formed over a wide range of bulk fluid enthalpies below

the pseudocritical point and sharp peaks formed at lower flow rates. Papers by Song et al.

(2008) and Kim et al. (2007) explored the criterion on the similarity of heat transfer of su-

percritical fluid flows in tubes with different diameters and also defined HTD by observing

spikes in the temperature profile. A recent article by Kurganov et al. (2012) identified six

different categories of heat transfer deterioration, based on various observations which took

into consideration the shapes of the peaks, the position of the peaks along the test section,

the effect of heat flux on the position of the peaks, and the occurrence of the peaks in terms

of the inlet enthalpy value with respect to the pseudocritical enthalpy value. Each of the

six groups was assigned a number from one to six and these were related to a potential

parameter describing the effect of Archimedes forces, which could be used to predict the

onset of heat transfer deterioration. The same authors mentioned that each category would

occur when the heating load, defined as q/G, reached a certain value, but did not specify

these values.

2.1.2 Normalized heat transfer coefficient

Another common method for defining heat transfer deterioration is with the use of a nor-

malised heat transfer coefficient HTCexperimental/HTCpredicted or a normalised Nusselt num-

ber Nuexperimental/Nupredicted, where HTCpredicted and Nupredicted are the predictions of a

trusted correlation for heat transfer under non-deteriorated conditions. Early work by Shi-

ralkar and Griffith (1969) developed a safe versus unsafe plot in terms of the mass flux and



CHAPTER 2. LITERATURE REVIEW 9

the “allowable” heat flux for supercritical carbon dioxide flowing upward and downward in

vertical tubes. The allowable heat flux was such that the ratio of Nuexperimental/Nupredicted

(see Table 2.1) was not less than the prescribed value of 0.5. Heat transfer to supercritical

helium flowing in a vertical tube was investigated by Giarratano and Jones (1975), who

defined HTD by normalizing the heat transfer coefficient using a Dittus-Boelter type cor-

relation containing an additional parameter defined as the ratio between the wall and bulk

temperatures (see Table 2.1). There was no specific value given to the normalized heat trans-

fer coefficient to define HTD, but this value was compared to a non-dimensional parameter

which divided the heat per unit mass by the difference in pseudocritical and inlet enthalpies.

Observations were made for conditions which produced HTCexperimental/HTCpredicted < 1,

thus indicating a deteriorated heat transfer mode. Schatte et al. (2016) examined data

from 14 independent references, using water as the cooling fluid, and determined that

HTCexperimental/HTCpredicted < 0.3 was the most frequently used method for defining HTD.

2.1.3 Buoyancy parameter

In an early work, Hall and Jackson (1969) postulated that the localized HTD to fluids flowing

upward in heated pipes was due to the reduction of the level of shear stress in the wall layer

region caused by fluid buoyancy, which led to a diminution of the turbulence production

component and to impaired diffusion of heat by turbulent actions. It was suggested that

the laminarisation process depended on the value of the group Gr′

Re2.7

(
νw
νb

)3 (
ρw
ρb

)0.5

, where

Gr′ =
(

ρb−ρw
ρw

)
gD3

ν2w
, and would occur when this group had a value of about 10−4. Alferov

et al. (1969) stated that under certain conditions heat transfer in heated vertical tubes was

governed not only by the mechanism of forced convective turbulent heat transfer, but also by

the influence of gravitational forces governing free convection. Tests were carried out using

water at supercritical pressures and it was confirmed that, whenHTCforced/HTCfree > 2.5−
3 (see Table 2.1 for definitions), free convection did not cause an appreciable deterioration

of the heat transfer coefficient. Jackson and Hall (1978) later stated that these findings were

in agreement with their modified criterion for the onset of buoyancy effects, defined as

Bob =
Grb

Re2.7b Pr0.5b

, (2.1)
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where

Grb =
(ρb − ρ)gD3

ρbν2
b

, (2.2)

and the integrated density calculated as ρ = 1
(Tw−Tb)

∫ Tw

Tb
ρb dT . Jackson and Hall (1978)

suggested that Bob ≥ 10−5 for a reduction of HTC to be greater than 5%, which was

verified by identifying HTD using Nuexperimental/Nupredicted < 1 (see Table 2.1). Polyakov

(1975) examined the effect of thermogravitational forces and local acceleration of flow due

to a change in the density on turbulent momentum transfer at supercritical coolant using

available experimental data on the local impairment of heat transfer in the case of the flow

of water, carbon dioxide, and helium. Based on observed temperature spikes, the suggested

parameter was tested and was deemed to describe well the limits of the local impairment of

the heat transfer in all cases examined (see Table 2.1). Watts and Chou (1982) tested Bob

using experimental results from flowing water in vertical heated tubes. It was concluded,

from observed temperature spikes, that the heat transfer was affected by buoyancy when

Bob ≥ 10−5, which was in agreement with Jackson and Hall (1978). Bae et al. (2010)

carried out experiments of heat transfer to carbon dioxide flowing upward and downward in

a vertical tube and determined that HTD occurs when Bob =
Grb
Re2.7b

≥ 2×10−5. This criterion

was verified by identifying HTD using Nuexperimental/Nupredicted < 1 (see Table 2.1). In a

more recent work, Jackson (2013) revised the buoyancy criterion and suggested a number

of correction factors which better described the effect of buoyancy on heat transfer in the

presence of significant non-uniformity of fluid properties as

BobV P
= CBBobFV P1FV P2FV P3 , (2.3)

where FV P1 =
(

µ
µb

)(
ρ
ρb

)−0.5

, FV P2 =
(

Pr
Prb

)−0.4

, FV P3 = (ρb−ρ)
(ρb−ρw)

, and CB = 4600. The

buoyancy parameter Bob was also changed slightly to

Bob =
Grb

Re2.7b Pr0.4b

, (2.4)

where

Grb =
(ρb − ρw)gD

3

ρbν2
b

. (2.5)

It was suggested that when BobV P
≥ 0.04, the effect of buoyancy on heat transfer should be

greater than 5%. This criterion was verified by detecting HTD using Nuexperimental/Nupredicted <

1 (see Table 2.1).
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2.1.4 Summary

In order to attempt to establish a reliable correlation for predicting the onset of the heat

transfer deterioration at supercritical pressures, one must first establish a reliable detection

method. The most common methods used by the authors discussed in the previous section

can be found in Table 2.1.
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2.2 Predicting the onset of HTD

2.2.1 Heat flux at HTD onset as a function of mass flux

Numerous studies have proposed correlations for the prediction of the heat flux qonset that

corresponds to the onset of HTD. Most of the correlations define qonset as a power function

of mass flux G, namely as qonset = mGn. Although there seems to be much agreement that

power laws provide good estimates, different authors have suggested different values for the

coefficient m and exponent n for various fluids and channel shapes. Other variations of this

correlation defined the relationship between qonset and G as a linear function or multiplied

the power function by parameters which depended on the tube diameter and the pressure.

Early heat transfer experiments using water flowing upward in a heated vertical tube were

performed by Vikhrev et al. (1967); in these experiments, temperature spikes were produced

in various locations along the test section. It was proposed that one should distinguish

between two types of HDT, with the first appearing in the initial tube section and the second

appearing at any section of the tube, but within a certain enthalpy region. Vikhrev et al.

(1967) suggested that the occurrence of both of these types of deteriorated heat transfer

is caused by relatively high heat fluxes, so that q > 0.4G. Yamagata et al. (1972) also

described a limit heat flux above which HTD occurs to vertically flowing water at supercritical

pressures. Although it was observed that the limit heat flux increased somewhat with an

increase in pressure, the limit heat flux could be related to the mass flux as qonset = 0.2G1.2.

Glushchenko et al. (1972) performed experiments with water flowing upward and downward

in heated vertical tubes with four different inner diameters and one annular channel at

supercritical pressures. It was found that the influence of the main operational parameters on

the conditions of occurrence of HTD in tubes with different diameters and annular channels

to be mainly the same at q/G > 0.5−1.0, where the lower values refer to higher temperatures

at the inlet. Cheng et al. (2009) analyzed the onset of HTD for supercritical water using

existing data from the literature and proposed a correction factor accounting for the effect of

pressure. The resulting correlation q = 1.354× 10−3
(

Cp,pc

βpc

)
G was found to agree well with

the Yamagata et al. (1972) correlation with additional variation due to the effect of pressure

by raising the onset limit as the pressure increased. In an article by Mokry et al. (2011), an

analysis of heat transfer to supercritical water in bare vertical tubes was performed using
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a large set of experimental data obtained from Russia. As part of the study, an empirical

correlation, defined as qonset = −58.97 + 0.745G, was proposed for calculating the minimum

heat flux at which the HTD appears. It became evident to Schatte et al. (2016) that there

was room for the development of a more accurate correlation for predicting the heat flux

to water flowing in tubes at supercritical pressures causing the onset of HTD. It was made

a requirement that the correlation should contain all relevant design parameters, including

pressure, inner diameter and mass flux. The suggested correlation was qonset = mFDFPG
n,

where m = 1.942× 10−6, n = 0.795, FD = (30−D)0.339, and FP =
(

Cp,pc

βpc

)2.065

.

Grabezhnaya and Kirillov (2006) analyzed and compared the heat transfer deterioration

boundary using experimental data obtained for different coolants, including water, carbon

dioxide and Refrigerant 12 (R12). It was determined that the best agreement with the data

for determining the onset of HTD for water in tubes was qonset = 0.6G. It was also found that

the boundary of the onset for CO2 was considerably lower for specific enthalpies between 0.2

and 0.3 kJ/kg. Even smaller values were determined for R12 at specific enthalpies below 0.1

kJ/kg. Grabezhnaya and Kirillov (2006) analyzed the effect of molecular masses of coolants

on the relations determining the onset of deteriorated heat transfer by substituting the

reduced value of the heat flux as qreduced =
M

MH2O
q, where M and MH2O represent the molar

mass of the coolant and water respectively, for the experimental value of the heat flux. It

was concluded that the lower boundary of the regimes with deteriorated heat transfer for the

coolants could be defined by qonset = 0.6
MH2O

M
G. Bae et al. (2010) performed supercritical

heat transfer experiments using CO2 as a coolant for upward and downward flows in a

circular tube. After testing four different criteria for the onset of HTD, it was determined

that a criterion based on water cannot be applied directly to other fluids. Bae et al. (2010)

tested the criterion proposed by Grabezhnaya and Kirillov (2006) and concluded that this

generalized criterion overestimated the boundary of onset and that the onset heat flux for

upward flowing CO2 in tubes is best predicted using qonset = 2× 10−4G2.0.

2.2.2 Buoyancy parameter

A buoyancy parameter that contains only bulk fluid properties and not properties at wall

temperature would potentially be suitable as a criterion for predicting HTD onset conditions.
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Such a buoyancy parameter is defined as

Bo∗b =
Gr∗b

Re3.425b Pr0.8b

, (2.6)

where

Gr∗b =
gβbD

4q

kbν2
b

, (2.7)

and

Reb =
GD

µb

. (2.8)

In an article by Jackson et al. (1989), the buoyancy parameter Bo∗b was considered for

predicting the onset of HTD in vertical pipe flows of water and air at atmospheric pressure. It

was determined that the valueBo∗b ≈ 6×10−6 was a fair estimate of a lower threshold for HTD

in vertical circular tubes. McEligot and Jackson (2004) extended this HTD onset criterion

for convective heat transfer to gas flows through non-circular ducts. It was determined that

the values of Bo∗b for HTD onset conditions in circular tubes, annuli, and annular ducts

would be different, however, it was confirmed that the value Bo∗b ≈ 6 × 10−6 was a good

approximation for circular tubes. Li et al. (2010) performed an experimental investigation of

convection heat transfer of CO2 at supercritical pressures in a vertical tube. The buoyancy

parameter Bo∗b was tested and it was found that, for upward flow, the heat transfer rate

decreased with increasing buoyancy parameter in the range 2 × 10−7 < Bo∗b < 6 × 10−7,

followed by recovery of the heat transfer for 6× 10−7 < Bo∗b < 2× 10−5 and improved heat

transfer for Bo∗b > 2× 10−5.

2.2.3 Summary

As shown in Table 2.2, most onset correlations define qonset as a function of G in the form of

a power law with coefficients and exponents that differ from one research study to another.

The coefficients and exponents seem to differ the most between experimental data using

different cooling fluids, whereas there is good agreement between authors for each fluid. A

number of authors also introduced correction factors to the power law function in an effort

to account for the effects of pressure, tube diameter, and fluid type (see Table 2.2).
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The Bo∗b parameter was also used to provide an estimate for conditions which would

cause the onset of HTD. As can be seen in Table 2.2, there is a range of threshold values

suggested in the literature.

Table 2.2: A summary of HTD onset correlations for fluids at supercritical pressures

Author(s) Fluid P/Pcr q

[kW/m2]

G

[kg/m2s]

D

[mm]

HTD Onset

Correlations

Vikhrev

et al. (1967)

Water 1.11 565 - 630 485 -

510

7.85 qonset = 0.4G

Glushchenko

et al. (1972)

Water 1.02 -

1.33

≤ 3000 500 -

3000

3 - 8 qonset = mG

where

m = 0.5− 1.0

note: m = 0.5 for low inlet

temperatures

Yamagata

et al. (1972)

Water 1.02 -

1.33

116 - 930 310 -

1830

10 qonset = 0.2G1.2

Jackson

et al.

(1989),

McEligot

and

Jackson

(2004)

Water

and

Air

Atm. n.a. n.a. n.a. Bo∗b > 6× 10−6

where

Bo∗b =
Gr∗b

Re3.425Pr0.8b

Gr∗b =
gβbD

4q
kbν

2
b

Grabezhnaya

and Kirillov

(2006)

Water,

CO2,

and

R-12

1.02 -

1.55

290 -

4830

400 -

2500

2 -

20

qonset = 0.6
MH2O

M
G,

where

M=molecular mass
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Table 2.2: A summary of HTD onset correlations for fluids at supercritical pressures (Cont’d)

Author(s) Fluid P/Pcr q

[kW/m2]

G

[kg/m2s]

D

[mm]

HTD Onset

Correlations

Cheng et al.

(2009)

Water 1.02 -

1.13

300 -

2000

700 -

3500

10 &

20

qonset = 1.354× 10−3FPG

where

FP =
(

Cp,pc

βpc

)
Bae et al.

(2010)

CO2 1.05

& 1.1

30 - 170 285 -

1200

6.32 qonset = 2× 10−4G2.0

Li et al.

(2010)

CO2 1.06 -

1.29

6.5 - 52 expressed

as Re =

3800−
20000

2 2× 10−7 < Bo∗b < 2× 10−5

Where

Bo∗b =
Gr∗b

Re3.425b Pr0.8b

Gr∗b =
gβD4q
kbν

2
b

Mokry

et al. (2011)

Water 1.08 70 - 1250 200 -

1500

10 qonset = −58.97 + 0.745G

Schatte

et al. (2016)

Water 1.02 -

1.36

166 -

1650

200 -

2000

7.6 -

38

qonset =

1.942× 10−6FDFPG
0.795

where

FD = (30−D)0.339

FP =
(

Cp,pc

βpc

)2.065



Chapter 3

Test facility and Instrumentation

3.1 Experimental facility

3.1.1 Main flow circuit

The Supercritical University of Ottawa Loop (SCUOL) was designed to operate with different

fluids, including carbon dioxide and a refrigerant, such as R134a, at a maximum operating

pressure of 10 MPa. A schematic diagram of the loop can be seen in Fig. 3.1. A more detailed

description of the components, dimensions, material compatibility, and thermal insulation

was given by Jiang (2015).

3.1.2 CO2 supply

A high pressure cylinder of CO2 (Linde Canada, Mississauga, Ontario, Canada) with a purity

of 99.998% (Grad 4.8) was connected to the loop using a pressure regulator (TESCOM

Model 44-1812-24, Emerson Process Management, a division of Emerson Electric Company,

Ferguson, Missouri, USA), installed at the outlet of the cylinder. For increasing the pressure

of its content, the cylinder could be heated by an insulated cylinder warmer (Omega GCW

Series Model GCW-951-150-240, Spectris Canada, Quebec, Canada), equipped with self-

regulating grounded heating elements and designed to maintain the bottom of the cylinder

at 54 oC and the top of the cylinder at 49 oC, while not exceeding a surface temperature of

66 oC. The cylinder warmer was capable of raising the cylinder pressure from approximately

24
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Figure 3.1: A schematic diagram of the Supercritical University of Ottawa Loop (SCUOL);

RTD represents location of Resistance Temperature Sensor; PT represents location of Pres-

sure Transducer; V represents valve; Vt represents vent.
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6.2 MPa to 9.0 MPa when the cylinder was full and had reached its steady state maximum

temperature.

3.1.3 Pumps

The cooling fluid was circulated through the loop using one or two gear pumps (Micro Pump

Model GL-H23.JFS.E-M2N1CH15), depending on the desired flow rate, connected in parallel

(see Fig. 3.1). The main bypass valve (V2 in Fig. 3.1) was installed as a safety precaution

ensuring that fluid was always circulating through the pump(s) in the event that all test

section isolation valves (V6 - V9 in Fig. 3.1) were closed. Always leaving V2 partially open

prevented possible overheating and pump failure. More details about the pump power, seals,

coupling, and pressure limitations can be found in Jiang (2015).

3.1.4 Preheater

An electric preheater (CAST-X 3000 circulation heater, Part Number BX17E6G300U-WTT,

Cast Aluminum Solutions, Batavia, Illinois, USA) provided temperature adjustment and

control of the fluid entering the test section within a wide range of inlet bulk temperatures

Tin. The preheater (Fig. 3.1) could maintain the inlet temperature to any of the test sections

within 2 ◦C of the desired temperature, provided enough time was allowed for steady state to

be reached. More details concerning the construction, electrical specifications, and pressure

limitations of the preheater can be found in Jiang (2015).

3.1.5 Heat exchangers

Two pairs of heat exchangers (Model FXF-6223U, Sentry Equipment Corp, Oconomowoc,

Wisconsin, USA), with, respectively, chilled water and cooled ethylene glycol as secondary

fluids, were installed upstream from the pumps, as shown in Fig. 3.1, to ensure the fluid was

cooled to a liquid-like state before entering the pumps. The heat exchangers were installed

in a parallel configuration, which meant that the CO2 flow was split into four equal streams

before entering the heat exchangers, as shown in Fig. 3.2. The chilled water, supplied from

the University at 9 oC in the summer and at 14 oC in the winter, could be cut off from
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Figure 3.2: A schematic diagram of the heat exchanger flow configurations for the chilled

water, ethylene glycol, and CO2; HE represents heat exchanger; V represents valve.
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flowing through either of the chilled water heat exchangers using valves HE V1 and HE V3

in Fig. 3.2, which made a substantial adjustment to the cooling load.

The ethylene glycol was chilled inside a large walk-in freezer equipped with separate

temperature settings, one for the freezer chamber and the other for the ethylene glycol fluid.

There were two pumps installed in the cooling system. One pump was for circulating the

ethylene glycol through the heat exchangers and the other pump was for circulating the

ethylene glycol through the freezer chamber. Changes to the cooling load were achieved

by adjusting the ethylene glycol temperature using the control system and/or by adjusting

the flow rate of the ethylene glycol through both heat exchangers by either using the set of

bypass valves (HE V5, HE V7, and HE V9 in Fig. 3.2) or by changing the ethylene glycol

pump frequency. More details regarding the heat exchanger construction and pressure and

temperature limits as well as information on the construction of the freezer can be found in

Jiang (2015).

3.1.6 Accumulators

Accumulators were used by previous users of the loop in order to dampen pressure variations

and to make small adjustments to the pressure. These devices were disconnected from the

main loop because leaks through the internal stainless steel baffles separating the pressurized

nitrogen chamber from the CO2 supply were discovered. Measurements were repeated after

the accumulators were disconnected to see how the pressure would behave. Figure 3.3 shows a

time history comparison of the pressure before and after the accumulators were disconnected

at the same flow and heating conditions. It can be seen that the accumulators actually had

little affect on the pressure oscillations and it was determined that the accumulators did not

need to be repaired and reconnected for this purpose.

Furthermore, for any tests that were conducted with only the pumps and the preheater

turned on, the pressure did not fluctuate as long as the power supply was turned off, as

shown in Fig. 3.4. Based on the previous observations, it was concluded that electromagnetic

interference from the power supply was causing the fluctuations in the pressure measurements

rather than physical phenomena causing actual pressure fluctuations.

To replace the pressure adjustment function of the accumulators, an additional bypass
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(a) with accumulators (b) without accumulators

Figure 3.3: A time history of pressure measurements taken before and after the accumulators

were disconnected for D = 8 mm, G = 300 kg/m2s, q = 15 kW/m2, Tin = 14 ◦C.

Figure 3.4: A time history of the pressure when the power supply is turned off for D = 8

mm, G = 775 kg/m2s, q = 0 kW/m2, Tin = 25 ◦C.
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Figure 3.5: Schematic diagrams of the test sections, showing the locations of the thermo-

couples; PS: power supply; dimensions in mm.

was installed (V3 in Fig. 3.1) to provide a quick and easy means to adjust the loop pressure,

when using the 8 mm, 4.6 mm, or three-rod bundle test sections, by changing the flow rate

of CO2 passing through the heat exchangers. When using the 22 mm test section, it was

necessary to keep a heated full cylinder of CO2 connected to the loop in case it was necessary

to recover some pressure and one of the vents was used to decrease the pressure.

3.1.7 Test sections

The test sections used in the present experiments consisted of three heated circular tubes

oriented vertically for upward flow, as seen in Fig. 3.5, with inner diametersD = 4.57(≈ 4.6),

8.0, and 22.0 mm, heated lengths Lh = 1200, 1940, and 2000 mm, and wall thicknesses of

0.89, 1.00, and 1.50 mm, respectively. The 8 mm and 22 mm test sections were made of

Inconel R⃝ 600 and Inconel R⃝ 625 (Special Metals Corporation of Huntington, West Virginia,
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Table 3.1: Material, thermal, and electrical properties comparisons between Inconel R⃝ 600

and Sanicro R⃝ 70

Property
Value

Inconel R⃝ 600 Sanicro R⃝ 70

Density [kg/m3] 8470 8400

Thermal Conductivity (@ 20 ◦C) [W/m◦C] 14.9 13

Electrical Resistivity (@ 20 ◦C) [µΩ ·m] 1.03 1.05

USA), respectively. The 4.6 mm test section was made of Sanicro R⃝ 70 (Sandvik Canada

Inc., Mississauga, Ontario, Canada), which was very similar to Inconel R⃝ 600. Comparisons

between material, thermal, and electrical properties can be found in Table 3.1.

The 4.6 mm test section was installed at a later stage of the experiments. It was connected

to the loop using two pairs of ANSI 1500 flanges equipped with 1/2 inch Swagelok R⃝ pipe

fittings (Model SS-810-F8-1500, Swagelok Central Ontario, Ontario, Canada) and sealed with

dielectric flange gasket kits (Model ETTFG7DWG7N0051500, Corrpro, Quebec, Canada),

which were constructed with PTFE (TeflonTM) sealing rings. Power clamps, made of Alloy

101 copper blocks, ordered from McMaster Carr supply company, were machined at the

University of Ottawa mechanical engineering machine shop for connecting the power cables

coming from the power supply to the test section. Detailed information on the construction

of the 8 and 22 mm test sections can be found in Jiang (2015).

All three test sections were thermally insulated with three layers of insulating materi-

als. High temperature tape (Fiberglass-Reinforced Foil Tape, McMaster Carr, Ohio, USA),

rated to 315 ◦C, was wrapped around each thermocouple individually to ensure that the self-

adhesive silicone pad containing the thermocouple measurement tip was pressed securely to

the outer surface of the test section. The next layer was made of fibreglass cloth ribbon

wrapped around the test section from bottom to top for added protection of the thermocou-

ples from the outer layer of insulation. The outer layer provided the bulk of the insulation

and was constructed of 40 mm thick fibreglass pipe insulation (Rigid High-Temperature

Fiberglass Pipe Insulation, McMaster Carr, Ohio, USA) rated to 450 ◦C.
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3.1.8 Power supply

Electric power for the heating of the test sections was provided by a rectified power supply,

rated at a maximum voltage of 60 V and a maximum current of approximately 3000 A.

It drew power from the university’s 380 V, 60 Hz, 3-Phase AC power grid and outputed

rectified current at 360 Hz. The local temperature of the test section walls could not follow

the high frequency of voltage fluctuations and was essentially steady. Thick cables from the

power supply were bolted onto copper blocks machined to clamp onto the top and bottom

of each test section forming the limits of the heated section.

3.1.9 Safety features

A high-volume air ventilation system and an oxygen depletion sensor (Osyguard R⃝, OxyGuard

International A/S, Farum, Denmark) ensured that the room’s oxygen had not been displaced

by enough CO2 to cause asphyxiation. A high pressure relief valve (Swagelok R⃝ SS-R4S8,

Swagelok Central Ontario, Ontario, Canada) was installed, set to approximately 9.65MPa

(1400 psia), to relieve excessive pressure build-up caused by unforeseen accidents. As a last

line of defence against loop over-pressurization, a rupture disc (25.4 mm PolySD Bolted Type

Series, Fike Canada Inc., Burlington, Ontario, Canada) was installed in the loop, where a

set pressure of 10.3MPa (1500 psia) would rupture the disc inside the holder releasing the

loop pressure. More detailed safety information can be found in Jiang (2015).

3.2 Instrumentation

3.2.1 Data acquisition system (DAS)

A dedicated computerized data acquisition system (National Instruments of Austin, Texas,

USA) was used for monitoring and controlling the facility as well as logging experimental

results. Each type of DAS module used for measuring the various properties of interest,

listed in the following sections, is described in Jiang (2015).
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3.2.2 Mass flow rate

The coolant mass flow rate in the 8 and 22 mm test sections was measured with a Coriolis

flow meter (Micro Motion ELITE CFM050M320N0A2E2ZZ), having an uncertainty of 0.05%

for liquid flow. The coolant mass flow rate in the 4.6 mm test section was measured with

a smaller Coriolis flow meter (Micro Motion ELITE CFMS015M319N0A2E2ZZ), having an

uncertainty of 0.1% for liquid flow.

3.2.3 Inlet and outlet fluid temperatures

The bulk fluid temperatures at the inlet and outlet of each test section was measured with

ultra-precise immersion RTD sensors (Omega P-M-1/10-1/8-5-1/2-G-15), having an uncer-

tainty of 0.35 K within the temperature range of 0 to 100 oC.

3.2.4 Wall temperature

Wall temperature measurements were taken using T-type thermocouples (Omega SA1XL-T-

SRTC), having an uncertainty of 0.5 K and a time constant of less than 0.15 s. Approximately

40 thermocouples were attached to the exterior wall of each test section using a silicone-based

adhesive and reinforced with an additional fibreglass reinforced high-temperature tape rated

to a maximum temperature of 315 oC.

3.2.5 Power

The voltage drop across the heated test section was measured directly from the copper blocks

which are connected to a 24-bit digital voltage measurement module (National Instrument

NI 9225), having a range of ±300 V and an uncertainty of 0.034 V. The electrical power was

calculated from the measured RMS voltage and the electrical resistance of the test section,

which was estimated using the Inconel R⃝ resistivity values provided by Special Metals and

the Sancro R⃝ resistivity values provided by Sandvik.
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3.2.6 Absolute pressure

The 8 mm test section inlet absolute pressure was measured by a pressure transducer (Omega

PX01C1-3KA5T) with an uncertainty of 21 kPa, whereas the 4.6 and 22 mm test sec-

tion inlet absolute pressures were measured by a different pressure transducer (Rosemount

3051TG4M2B21AM5C6Q4), calibrated in the range from 101 to 27580 kPa with a maximum

uncertainty of 7.8 kPa.



Chapter 4

Experimental procedures

4.1 Loop operation procedure

4.1.1 General procedure

All tests were planned carefully to ensure efficient data collection and economic use of the

resources. The loop was filled with CO2 at the desired pressure from a CO2 cylinder, which

was usually heated externally so that its contents reached a pressure above the value at

ambient temperature. It was found that, for an efficient day of tests, it was best to maintain

the loop pressure and mass flux fixed for all runs and perform tests using three or four

different values of the wall heat flux, for each of which the inlet temperature was set to span

the typical range from 0 ◦C to 36 ◦C in increments of 2 or 3 ◦C. To avoid having to supply

additional CO2 to the loop in order to recover the required pressure level between runs,

the runs were arranged to start with the lowest inlet temperature and end with the highest

inlet temperature. Heating to a higher inlet temperature caused the loop pressure to exceed

somewhat the desired value, which was recovered by the venting of a small quantity of CO2

to the ambient through any one of the test section vent valves (Vt4, Vt5, Vt6, or Vt8 in Fig.

3.1). The following subsections provide more detailed explanations on the techniques that

were used for adjusting the values of different parameters.

35
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4.1.2 Mass flux adjustment

To get sufficient traction in order to start circulating still fluid in the loop (namely, while

fluid in the pumps is at room temperature), the pumps must contain liquid or liquid-like

CO2. For this reason, before the pumps were started, the loop was pressurized sufficiently for

the fluid to be in a liquid-like state at room temperature. The loop permits the adjustment

of mass flux in three different ways: a) by adjusting the bypass valve V2 (Fig. 3.1); this

bypass branch not only ensures that some fluid always circulates through the pumps, but also

permits a substantial portion of the flow to be diverted away from the test section without

a significant change of the loop pressure; b) by adjusting the pump motor rotational speed

(“frequency”); for a typical set of measurements at a fixed flow rate, the bypass valve V2

was fixed at one position and small adjustments to the mass flux were made by changing the

pump frequency using the DAS; c) for very low mass flux values, the test section isolation

valve (V6 - V9 in Fig. 3.1) was used to restrict the flow through the test section. Although

an adjustment of the bypass valve V3 would also change the mass flux through the 4.6 and 8

mm test sections, this would also change significantly the loop pressure and, for this reason,

such adjustment was avoided for this purpose.

4.1.3 Pressure adjustment

A full cylinder provided sufficiently high pressure when heated, but after only a few experi-

ments the pressure of a fully heated cylinder often dropped below the required loop operating

pressure. In order to extract as much CO2 from a cylinder as possible, we started the daily

tests by cooling the fluid in the loop as much as possible. For this purpose, the freezer room

and the ethylene glycol temperatures were typically set at −30 ◦C and −20 ◦C, respectively.

For runs with the 4.6 or 8 mm test sections, bypass valve V3 (Fig. 3.1) was fully opened in

order to maximize the flow rate through the heat exchangers. As the temperature of the fluid

in the loop dropped, the pressure dropped, which allowed more CO2 to be charged from the

cylinder. This procedure of dropping the fluid temperature and adding CO2 was repeated

until the fluid in the loop reached a sufficiently low steady state temperature. At that time,

power to the test section and the preheater were turned on and gradually increased to the

lowest settings for the planned test matrix of the day. Adding heat to the loop increased the
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pressure; the amount of CO2 that was added to the loop during the initial cooling proce-

dure was empirically adjusted so that the pressure rose approximately to the desired level at

steady state. Small adjustments to the pressure were further made by adjusting the bypass

valve V3, which changed the CO2 flow rate through the heat exchangers. Larger adjustments

to the pressure were achieved by adjusting the ethylene glycol temperature, however, this

approach took a longer time for the pressure to return to steady state.

4.1.4 Heat flux and inlet temperature adjustments

Measurements were recorded only after the operating conditions reached the desired steady

state values. It was found that the system reached a steady state much faster following

a heat flux adjustment than an inlet temperature adjustment. For example, after a small

adjustment to the inlet temperature, loop conditions took as long as 10 min before reaching

a steady state, whereas this time was reduced to about 1 min after a small adjustment to the

heat flux. For this reason, a series of runs were performed by keeping the inlet temperature

constant and changing the heat flux, from lowest to highest within the test matrix range.

Additional runs were performed after incrementing the inlet temperature to the next value

within the test matrix. A typical series of measurements would be recorded for a fixed inlet

temperature and 3-4 values of heat flux, with each run typically requiring small adjustments

to the pressure and the mass flux with sufficient time between adjustments for a steady state

to be reached. For the next series of runs, the heat flux was turned down to the lowest value

and the inlet temperature was increased. Additional series of runs were performed until data

for all heat fluxes and inlet temperatures in the test matrix were recorded.

4.2 Measurement procedures

4.2.1 Heating power and heat flux measurements

The electric power supplied to a test section can be determined from measurements of the

voltage and current through the test section. Although labelled a DC power supply, the

custom-designed, high current power supply used produced a rectified AC voltage output.

Accordingly, the Joule power of the test section was proportional to the root mean square
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voltage Vrms, measured at the clamps that provided power to the test section. The voltage

time series was measured very accurately by a dedicated high frequency computer module

and Vrms was calculated by an rms function within the LabView program. The current

could be measured directly across an installed shunt, but it was observed that this method

was subjected to erratic fluctuations (Jiang, 2015). To avoid a substantial uncertainty, we

computed the heating power as

Qe =
V 2
rms

R
, (4.1)

where the test section electric resistance R was calculated as

R =
ρeLh

Acs

. (4.2)

In this expression, ρe is the electrical resistivity of the test section wall material, Lh is the

heated length and Acs is the cross-sectional area of the test section wall. The values of these

parameters, including values presented by Jiang (2015), are listed in Table 4.1.

Table 4.1: Electrical properties of the 4.6, 8, and 22 mm test sections

Test Section (Material) ρe [µΩ ·m] Lh [m] Acs [m
2] R [Ω]

4.6 mm tube

(Sanicro R⃝ 70)
1.05 1.21 1.525× 10−5 0.0833

8 mm tube

(Inconel R⃝ 600)
1.03 1.94 2.827× 10−5 0.0707

22 mm tube

(Inconel R⃝ 625)
1.29 2.00 1.107× 10−4 0.0233

The heat flux from the test section wall to the fluid was calculated as

q =
Qe

πDLh

, (4.3)

under the assumption that there were no heat losses to the environment or axial heat con-

duction to the unheated sections.
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4.2.2 Measurement of the wall temperature and the heat transfer

coefficient

The thermocouples that were attached to the test section walls measured the local outer

wall temperature Tw,o. The inner wall temperature Tw was estimated from the axisymmetric

heat diffusion equation with uniform internal energy generation as

Tw = Tw,o +
2qlossro − qV r2o

2k
ln
ro
ri

+ (r2o − r2i )
qV

4k
, (4.4)

where qloss is the heat loss to the surroundings (neglected in this analysis), qV is the volu-

metric heat generation, calculated as

qV =
Qe

π(r2o − r2i )Lh

, (4.5)

and ro and ri are the tube outer and inner radii, respectively. The thermal conductivity k of

the test section material was evaluated at the local Tw,o, rather than being given a fixed value.

This is because the temperature along the heated test sections varied from approximately

20 ◦C to 300 ◦C, depending on the experimental conditions, and the thermal conductivities

k of Inconel R⃝ and Sanicro R⃝ alloys had measurable variations within that range, although

these were relatively small by comparison to variations of the thermal conductivities of other

metals and alloys. The local k was evaluated for each specified temperature with the use

of linear expressions that were fitted to data supplied by the manufacturers. Jiang (2015)

determined the expressions

k = 0.0146T + 14.509 , for Inconel R⃝ 600 and (4.6)

k = 0.0145T + 9.503 , for Inconel R⃝ 625, (4.7)

where T is specified in ◦C. The manufacturer of Sanicro R⃝ 70 provided values of k at different

temperatures that appeared to be rounded to two significant digits (Table 4.2). The linear

fit to these data was

k = 0.0149T + 12.691. (4.8)
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Table 4.2: Thermal conductivity of Sanicro R⃝ 70 alloy

Temperature

[◦C]

Manufacturer’s Value

[W/m◦C]

Value from Linear Fit

[W/m◦C]
% Difference

20 13 12.99 0.08

100 14 14.18 1.29

200 16 15.67 2.06

300 17 17.16 0.94

The bulk fluid specific enthalpy along the heated test section was calculated from the

simplified energy equation as

hb = hin +
Qe

ṁ

zh
Lh

, (4.9)

where hin is the specific enthalpy at the inlet, ṁ is the mass flow rate (measured by the Cori-

olis flow meter), and zh is the axial distance along the heated test section. The corresponding

local bulk fluid temperature Tb and the thermophysical properties of carbon dioxide were

calculated from tables constructed by NIST (Lemmon et al., 2002). Finally, the local heat

transfer coefficient was calculated as

HTC =
q

Tw − Tb

. (4.10)

4.2.3 Estimates of power imbalance

As a measure of the combined inaccuracies of the measurement procedures and the effect

of heat losses that were neglected in the analysis, we computed the imbalance between

our estimates of the heating power Qe and the power Qt given to the fluid, under the

assumption of steady state conditions. An application of the steady energy equation provides

this imbalance as

∆Q = Qe −Qt = Qe − ṁ

[(
h+

v2

2
+ gz

)
out

−
(
h+

v2

2
+ gz

)
in

]
. (4.11)

In this expression, the specific enthalpies at inlet hin and outlet hout of the test sections were

evaluated from linked NIST property tables at the temperature measured by the correspond-

ing RTDs. The flow velocities vin and vout were calculated from the mass flow rate ṁ, flow
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Figure 4.1: Relative power error for different heating powers.

area, and density values evaluated at the inlet and outlet temperatures. The elevations of the

inlet and outlet planes, zin and zout, were specified. The relative error in power measurement

was calculated as

eQ =
∆Q

Qe

× 100. (4.12)

Fig. 4.1 shows the relative error for all tests performed. One may see that for 91% of the

measurements | eQ | was less than 5%. The same figure also shows that the vast majority

of the 9% of the tests that produced a higher than 5% heat balance error were at very low

power. Because heat losses to the environment would be relatively low at very low heating

powers, we may conclude that the bulk of the observed errors was not due to heat losses. The

near symmetry of the error distributions also indicates that heat losses were not a significant

source of error and that imbalances were mainly of the precision (random) type, rather than

biases.

When bulk inlet or outlet temperatures are near to the pseudo-critical temperature,

specific enthalpy calculations using NIST tables become very sensitive to small changes in

temperature and small errors in these values could introduce large power imbalances. Figure

4.2 shows the relative power error plotted versus hin and hout. One can clearly see that most
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Figure 4.2: Relative power error vs. the inlet and outlet specific enthalpies; dashed line

represents the pseudo-critical specific enthalpy hpc.

of the large errors occurred when hin ≈ hpc or hout ≈ hpc. As shown in Fig. 4.3, the observed

relative power error distributions had long tails when the difference ∆h = hout − hin was

small, which helps to explain why there were large power imbalance errors at low heating

powers.
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Figure 4.3: Relative power error vs. the difference between hout and hin.



Chapter 5

Results and discussion

5.1 Test matrix

Extensive measurements were made in vertical upward flows of CO2 through each of the three

test sections, having IDs D = 4.6, 8 and 22 mm. The ranges of experimental conditions are

listed in Table 5.1. In all cases, the reduced pressure was P/Pc ≈ 1.13. The mass flux G

was incremented by increments of 100 kg/m2s up to G = 700 kg/m2s, with measurements

also taken in the 4.6 and 8 mm test sections for G = 1000 and 1500 kg/m2s. For each G,

measurements were taken for three or four different heat fluxes q at levels slightly below

and above the corresponding value at HTD onset. For each of the mass flux and heat flux

combinations, tests were performed for inlet temperatures in the range 0 ◦C ≲ Tin ≲ 36 ◦C,

with increments of approximately 3 ◦C.

Table 5.1: Ranges of experimental conditions

Parameter
Test Section Parameter Ranges

D = 4.6 mm D = 8 mm D = 22 mm

P/Pc [–] 1.13 1.13 1.13

G [kg/m2s] 300 - 1500 200 - 1500 200 - 700

q [kW/m2] 10 - 450 3 - 450 2 - 100

Tin [◦C] 0 - 36 0 - 36 0 - 36

44
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The procedure for choosing the experimental heat flux range for each value of mass flux

was such as to allow the determination of the heat flux at HTD onset, which was one of the

main objectives of this research. After the mass flux was set at the desired value, but before

any measurements were recorded, the heat flux was gradually increased from zero up to a

value for which the axial profile of the test section wall temperature, displayed in real time

on the monitor, showed a spike, which was evidence of HTD. Then, all other conditions were

readjusted and allowed to settle at the desired levels and measurements were recorded for

heat flux values slightly lower and slightly higher than the previous value over a full range

of inlet temperatures. These measurements included cases with normal temperature profiles

and cases with deteriorated temperature profiles. This method allowed for detailed mapping

of the onset of HTD for all mass fluxes examined over as wide a range of inlet temperatures

as possible.

5.2 Comparisons with results in the literature

To investigate the reproducibility of our experimental results, we performed some tests under

HTD conditions that approximated those in some of the tests by Fewster and Jackson (2004).

As Table 5.2 shows, the agreement between the corresponding sets of conditions was good,

but not perfect.

Table 5.2: Experimental conditions in selected present experiments and corresponding tests

by Fewster and Jackson (2004)

Author
D

[mm]

Lh

[m]

P

[kPa]

G

[kg/m2s]

q

[kW/m2]

Tin

[◦C]

Fewster and

Jackson (2004)
8 1.185 7580 398 33.6 11, 14.5, 20

present 8 1.94 7588 380 33.6 11.5

present 8 1.94 7561 380 33.7 14.4

present 8 1.94 7498 379 33.5 20.0

Figure 5.1 shows plots of our wall temperature profiles alongside data from Fewster and
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Jackson (2004).
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Figure 5.1: Temperature profile comparisons with results from literature for D = 8 mm,

P/Pc ≈ 1.03, G ≈ 400 kg/m2s, q ≈ 34 kW/m2; black dots represent present results; solid

lines represent digitized results from Fewster and Jackson (2004).

The agreement between corresponding sets of data was remarkably good, especially con-

sidering the differences in the lengths of the test sections and the loop designs, sensitivity of

HTD to test conditions and measurement uncertainties in both experiments. We found that

the present temperature profiles came closer to the Fewster and Jackson profiles, especially
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those at higher inlet temperatures, when we set the mass flux to values that were slightly

lower than those in the previous tests. In the case of the lowest inlet temperature tested, the

two temperature profiles no longer lined up, but appeared to be slightly shifted with respect

to each other. Additional comparisons between results from SCUOL and the literature were

presented by Zahlan et al. (2015).

5.3 Patterns of axial profiles of wall temperature

In this subsection, we present selected plots of wall temperature profiles along all three

test sections as examples of the observed types of patterns of axial profiles of temperature.

Complete sets of plots have been included in Appendix A, organized by different combinations

of G and q, with all Tin measurements grouped together in one plot. Plots for selected Tin

values are also organized in groups, which provide one the opportunity to view pertinent

temperature profiles individually.

Kurganov et al. (2012, 2016) analyzed data from literature on supercritical heat trans-

fer experiments and identified six different deteriorated heat transfer regimes. Figure 5.2

(Kurganov et al., 2012) shows examples of the observed wall temperature patterns in each of

these regimes. In the following, we will show that some patterns in the presently measured

temperature profiles are similar to patterns seen in Figure 5.2.

Present wall temperature profiles at the lowest mass flux of G = 200 kg/m2s for the 8 mm

and 22 mm test sections (the 4.6 mm test section was not tested at this mass flux) developed

small temperature spikes near the inlet when the heat flux exceeded certain value and Tin

was within a certain range. A representative example for the 8mm test section is shown in

Figure 5.3, where small temperature spikes appear near the inlet for q = 5 kW/m2 and and

even closer to the inlet for q = 15 kW/m2. This behaviour is consistent with the description

of Group 1 of Kurganov et al. (2012, 2016), who stated that in this regime weak inlet peaks

appeared in upward flows and disappeared with further increase in heat load. Within the

presently examined range of q, the data showed no evidence that the peaks would disappear

at high heat loads, however, we observed a trend of diminishing peaks, which moved closer

to the inlet as the heat flux was increased.

For the mass flux of G = 300 kg/m2s in the 8 mm and 22 mm test sections, prominent
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Figure 5.2: Schematic presentation of six different HTD regimes proposed by Kurganov

et al. (2012, 2016); solid lines represent upward flow; dotted lines represent possible version

of upward flow; dashed lines represent downward flow; hm = hpc.

temperature spikes appeared suddenly near the inlet at a certain heat flux over a range of

inlet temperatures. A representative example for the 22 mm test section is shown in Figure

5.4, where temperature spikes are visible near the inlet for q = 13 kW/m2 and even closer

to the inlet for q = 20 kW/m2. This behaviour is consistent with the description of Group

2 of Kurganov et al. (2012, 2016), who stated that inlet peaks appeared in upward flow

within the heated inlet section and shifted to the very inlet with an increase in heat flux.

These authors also mention that, in some cases, a second, more extended, region of elevated

temperature formed downstream of the first peak. Figure 5.4 also shows that, at the higher

heat flux of q = 20 kW/m2, the inlet peaks appeared closer to the inlet than the those for

q = 13 kW/m2, while a second, relatively broad and mild, bump appeared downstream of

the first spike in the temperature profile (this bump was most noticeable for Tin = 30 ◦C).

We further observed that the proximity of the temperature spikes to the inlet for all three
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Figure 5.3: Sample temperature profiles for P/Pc = 1.13, D = 8 mm, G = 200 kg/m2s and

two heat fluxes; Tin is in ◦C.

test sections depended not only on q, but also on Tin, with the spikes moving closer to the

inlet as Tin was increased; this dependence on Tin was not discussed by Kurganov et al.

(2012, 2016).

In contrast to those in the two larger test sections, temperature profiles for G = 300

kg/m2s in the 4.6 mm test section did not match the description for Group 2. Figure 5.5

shows that temperature spikes formed at the end of the test section at low Tin and moved

toward the inlet as Tin was increased. None of the groups described by Kurganov et al.

(2012, 2016) have peaks at the very end of the test section. The presence of peaks near the

end of the test section introduces the possibility that peaks may have appeared in a longer

test section for even lower Tin values. On the other hand, some of the profiles in the 4.6 mm

tube show the formation of a second elevated temperature region, which is consistent with
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Figure 5.4: Sample temperature profiles for P/Pc = 1.13, D = 22 mm, G = 300 kg/m2s and

two heat fluxes; Tin is in ◦C.

patterns in the two larger test sections for the same G and those in Group 2.

For mass fluxes in the range 400 kg/m2s ≤ G ≤ 600 kg/m2s in the 8 mm and 22 mm

test sections, large temperature spikes appeared initially at axial locations that were a little

farther away from the inlet than spikes observed at the lower mass fluxes and also depended

on Tin. Moreover, at high enough heat fluxes, and over a limited Tin range, a second region

of elevated temperature appeared in the form of a bump, peak, or plateau. This behaviour

is consistent with Group 3 of Kurganov et al. (2012, 2016), in which inlet peaks formed away

from the inlet and shifted towards the inlet with an increase in heat flux; some temperature

profiles in this group also showed a second, and even a third, peak under certain conditions.

Representative examples for the 8 mm test section are shown in Figure 5.6. The temperature
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(b) q = 20 kW/m2

Figure 5.5: Sample temperature profiles for P/Pc = 1.13, D = 4.6 mm, G = 300 kg/m2s

and two heat fluxes; Tin is in ◦C.

profiles shown in this figure have qualitative similarities with those in Group 3. At the higher

heat flux of q = 35 kW/m2, at least one secondary peak appeared over a range of Tin. In the

22 mm test section, secondary peaks were observed for G = 500 kg/m2s and G = 600 kg/m2s

and relatively high heat fluxes. In the 8 mm test section, no distinct secondary peaks were

observed for G = 600 kg/m2s. However, secondary bumps appeared in the profile for the

highest heat flux examined and it is possible that, for even higher heat fluxes, these bumps

would turn into more substantial secondary peaks or plateaus. Temperature profiles in the

4.6 mm test section over the same mass flux range, shown in Figure 5.7, had a feature that

was never observed in the larger sections: a peak formed at some distance from the inlet

when Tin dropped below some value and moved towards the end of the test section as Tin was
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Figure 5.6: Sample temperature profiles for P/Pc = 1.13, D = 8 mm, G = 400 kg/m2s and

two heat fluxes; Tin is in ◦C.

further decreased. If one follows this trend, it is possible that, for even lower Tin, there would

have been no peak observed (so the heat transfer would appear to be normal throughout)

but HTD might have occurred in a longer test section. The fact that spikes occurred near

the end of the test section only in the 4.6 mm tube, but not in the larger tubes, seems

to indicate that there are HTD patterns in small tubes that may not be possible in large

tubes. An explanation of these and other possible differences in supercritical heat transfer

in small vs. large tubes may be related to differences in the relevance of bulk properties:

large tubes have core regions in which the temperature is near the bulk value, whereas small

tubes may have a significant radial temperature gradient throughout, so that bulk values

would not apply to any significant region of the flow. Besides this peculiarity, all other heat

transfer patterns in the 4.6 mm tube were similar to those in the larger tubes. One or more
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secondary peaks appeared at higher heat fluxes and all peaks were shifted towards the inlet

as q and/or Tin were increased. Although secondary peaks were not observed in the 4.6 mm

test section for G = 500 and G = 600 kg/m2s within the heat flux range examined, it seems

possible that they might have appeared at even higher q.
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Figure 5.7: Sample temperature profiles for P/Pc = 1.13, D = 4.6 mm, G = 400 kg/m2s

and two heat fluxes; Tin is in ◦C.

For G = 700 kg/m2s, broad peaks formed away from the inlet at some q, and gradually

increased in magnitude and moved toward the inlet with increasing q. This behaviour was

observed in all three test sections. A representative example for the 4.6 mm test section can

be seen in Figure 5.8. This behaviour seems to be consistent with the description of Group

4.

For G = 1000 and 1500 kg/m2s, broad humps appeared in the temperature profiles near
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Figure 5.8: Sample temperature profiles for P/Pc = 1.13, D = 4.6 mm, G = 700 kg/m2s

and two heat fluxes; Tin is in ◦C.

the pseudocritical enthalpy, with locations and magnitudes that depended on q and Tin.

This behaviour was observed in the 4.6 mm and 8 mm test sections, whereas no tests were

performed in the 22 mm test section at G > 700 kg/m2s. For the same conditions, the

bumps in the 4.6 mm test section were farther downstream from the inlet than those in

the 8 mm test section. A representative example for the 8 mm test section can be seen

in Figure 5.9. This behaviour seems to be consistent with the description of Group 5 in

Figure 5.2. Kurganov et al. (2012, 2016) stated that a wide region of elevated temperature

appeared in wall temperature profiles in this group, with a peak located in the vicinity of

hpc, regardless of flow direction. The present temperature profiles had mild bumps that did

not change significantly in shape or magnitude over the heat flux range examined, but we

cannot exclude the possibility that these bumps might have developed substantial peaks had
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q been increased further.
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Figure 5.9: Sample temperature profiles for P/Pc = 1.13, D = 8 mm, G = 1000 kg/m2s and

two heat fluxes; Tin is in ◦C.

Although the vast majority of tests were performed by setting Tin < Tpc, a small number

of measurements were taken in the 8 and 22 mm test sections for Tin > Tpc. Such mea-

surements were collected for G = 200, 300, and 400 kg/m2s and different q. It was found

that, in cases with sufficiently large q, HTD occurred near the inlet, as evidenced by the

emergence of spikes in the representative wall temperature profiles shown in Figure 5.10.

Similar temperature spikes in the region with hb > hpc can be seen for Groups 4-6 in Figure

5.2, but their significance was not discussed by Kurganov et al. (2012, 2016). We found,

that, in both the 8 and 22 mm test sections, qonset was much higher when Tin > Tpc than

when Tin < Tpc. In particular, the ratio of the two values of qonset was about 10 for G = 200

kg/m2s in both test sections and about 4 for G = 300 kg/m2s in both test sections as well
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as for G = 400 kg/m2s in the 22 mm test section, which was the only test section in which

HTD was produced in our facility for this G. A complete collection of temperature profiles

in the 8 and 22 mm test sections, showing spikes for Tin > Tpc can be found in Appendix A,

Figures A.46, A.52, A.104, A.109 and A.116. The analysis in the following sections will not

include these cases, as their type of HTD would likely be quite different from those in the

cases with Tin < Tpc.
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Figure 5.10: Sample temperature profiles for P/Pc = 1.13, D = 8 mm, G = 200 kg/m2s,

and Tin = 40 ◦C; q is in kW/m2.

5.4 Identification of HTD

5.4.1 Identifying HTD from wall temperature spikes

The appearance of spikes in a wall temperature profile is generally reliable evidence for the

occurrence of local HTD. In many cases, observation of the profiles permitted us to determine

cases for which heat transfer can be considered to be normal and cases for which heat transfer

was clearly deteriorated. Nevertheless, for a number of cases this approach was not sufficient

for identifying HTD.
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4.6 mm Test Section Temperature Profiles

For the 4.6 mm test section and with a mass flux in the range 300 kg/m2s ≤ G ≤ 600 kg/m2s,

the presence of temperature spikes in the axial temperature profiles clearly distinguishes the

deteriorated heat transfer cases from the normal ones. An example is shown in Figure 5.11,

where G = 300 kg/m2s; for q = 15 kW/m2, temperature spikes do not appear for any of the

measured Tin values, whereas, for the slightly larger q = 18 kW/m2, such spikes are visible for

10 ◦C ≤ Tin ≤ 31 ◦C. It is also possible to see in Figure 5.11b that, for G = 300 kg/m2s and
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Figure 5.11: Sample temperature profiles for P/Pc = 1.13, D = 4.6 mm, G = 300 kg/m2s

showing the sudden growth of distinct temperature spikes at a certain q over a limited Tin

range; units of Tin are ◦C.

q = 18 kW/m2, HTD can be identified only for inlet temperatures in the range 10 ◦C ≤ Tin ≤
31 ◦C, while profiles at lower and higher inlet temperatures do not show any temperature
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spikes. Some caution must be exercised, however, when observing these plots. The trends

in the data indicate that a wall temperature spike might have appeared far downstream

for the Tin = 6 ◦C case, if the heated test section were longer, as discussed in Section 5.3.

Moreover, the wall temperature profile for the highest inlet temperature considered (Tin =

33 ◦C) contained a smooth bump, which likely indicates a tendency towards a mild form

of deterioration. For the present study, however, only cases that showed relatively large

temperature spikes were considered as deteriorated, whereas those that had small bumps in

the temperature profile were classified as normal. The same clear distinction between normal

and deteriorated heat transfer was observed for the G = 400, 500 and 600 kg/m2s cases, for

which temperature spikes did not appear for any Tin in the test range for q lower than 33, 53

and 80 kW/m2, respectively. A complete collection of temperature profiles for measurements

taken in the 4.6 mm test section for mass fluxes in the range 300 kg/m2s ≤ G ≤ 600 kg/m2s

is presented in Appendix A, Figures A.1 to A.18.

For mass fluxes G = 700, 1000, and 1500 kg/m2s, the axial wall temperature profiles at

sufficiently large q contained smooth bumps, which, however, did not turn into sharp spikes

at higher heat fluxes. For example, Figure 5.12 shows temperature profiles for G = 1000

kg/m2s at the highest heat flux examined; none of these profiles had a sharp spike and so

the occurrence or not of HTD could not be based reliably on this criterion. Because of

experimental limitations of SCUOL at the time of these tests, it was not possible to increase

q further in order to investigate the possibility of temperature spike appearances. Whether

HTD characteristics at higher G are different from those at lower G requires additional

experiments under wider ranges of conditions. A complete collection of temperature profiles

for measurements taken in the 4.6 mm test section for G = 700, 1000, and 1500 kg/m2s is

presented in Appendix A, Figures A.19 to A.40.
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Figure 5.12: Sample temperature profiles for P/Pc = 1.13, D = 4.6 mm, G = 1000 kg/m2s

showing the gradual growth of temperature bumps for the lowest and highest q examined;

units of Tin are ◦C.

8 mm Test Section Temperature Profiles

As shown in Figure 5.13, for the low mass flux of G = 200 kg/m2s, temperature spikes did

not appear in the 8 mm test section for heat fluxes lower than 5 kW/m2. It can also be seen

in Figure 5.13b that the temperature spikes were sharp and distinct, but they are small,

which sets them apart qualitatively from the temperatures spikes that were observed at

higher mass fluxes, as discussed in Section 5.3. A complete collection of temperature profiles

for measurements taken in the 8 mm test section for G = 200 kg/m2s has been included in

Appendix A, Figures A.41 to A.45.
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Figure 5.13: Sample temperature profiles for P/Pc = 1.13, D = 8 mm, G = 200 kg/m2s

showing the sudden growth of small distinct temperature spikes at a certain q over a limited

Tin range; units of Tin are ◦C.

For mass fluxes in the range 300 kg/m2s ≤ G ≤ 600 kg/m2s, the temperature profiles

generally developed large distinct temperature spikes as soon as the heat flux exceeded a

certain value. This behaviour is very similar to the one for the same mass flux range in

the 4.6 mm test section (see Figure 5.11). It was found that HTD occurred for q ≥ 18,

33, 55, and 80 kW/m2, when G = 300, 400, 500, and 600 kg/m2s, respectively. As q was

increased, mild bumps developed in the profile and grew larger, eventually turning into

sharp temperature spikes, which were clear visual identifiers for HTD. A complete collection

of temperature profiles for measurements taken in the 8 mm test section for the mass flux

range of 300 kg/m2s ≤ G ≤ 600 kg/m2s is shown in Appendix A, Figures A.47 to A.51

and A.53 to A.70.
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For the case with G = 700 kg/m2s, temperature spikes were also observed under certain

conditions. However, they did not appear suddenly when q exceeded a certain threshold,

but developed gradually from relatively broad bumps with a gradual increase in q. In con-

sequence, it is difficult to identify a value of q at HTD onset. A representative example is

shown in Figure 5.14. This example also shows a gradual transformation of a bump to a

spike, as Tin was increased; although HTD is apparent for Tin = 2 and 6 ◦C, it is less obvious

for Tin = 17 ◦C. A complete collection of temperature profiles for measurements taken in the

8 mm test section for G = 700 kg/m2s can be found in Appendix A, Figures A.71 to A.78.

50

100
Tin=2

50

100
Tin=6

50

100
Tin=8

50

100
Tin=12

50

100
Tin=14

250 300 350 400

50

100
Tin=17

hb [kJ/kg]

 

 

T
[o
C
] Tw

Tb

Tpc

hpc

(a) q = 110 kW/m2

Figure 5.14: Sample temperature profiles for P/Pc = 1.13, D = 8 mm, G = 700 kg/m2s

showing the gradual growth of large temperature spikes as q increases over a limited Tin

range; units of Tin are ◦C.

In a manner that was very similar to the examples shown in Figure 5.12 for the 4.6 mm

test section, temperature profiles for cases with G = 1000 and 1500 kg/m2s in the 8 mm



CHAPTER 5. RESULTS AND DISCUSSION 62

test section exhibited mild and broad bumps, which gradually increased in amplitude as the

heat flux was increased, but did not develop into sharp spikes, even for the highest q that

was possible in our setup. There were no conditions for which HTD could be identified from

observation of the temperature profiles exclusively. A complete collection of temperature

profiles for measurements taken in the 8 mm test section for G = 1000 and 1500 kg/m2s can

be found in Appendix A, Figures A.79 to A.97.

22 mm test section temperature profiles

For G = 200 kg/m2s in the 22 mm test section, temperature spikes formed when q ≥ 3.5

kW/m2. The temperature spikes were similar qualitatively to those in the 8 mm test section

at the same mass flux; they appeared near to the entrance of the heated test section and

they were not very large in amplitude, when compared to temperature spikes observed at

higher mass fluxes (see Figure 5.13, as an example). A complete collection of temperature

profiles for measurements taken in the 22 mm test section for G = 200 kg/m2s can be found

in Appendix A, Figures A.98 to A.103.

The behaviour of HTD in the 22 mm test section for mass fluxes in the range 300 kg/m2s

≤ G ≤ 600 kg/m2s was similar to that in the 4.6 mm and 8 mm test sections over the same

mass flux range (see Figure 5.11 as an example). Within a certain Tin range, bumps initially

appeared in the temperature profiles at lower q; when q reached a certain threshold, the

bumps turned into distinct sharp temperature spikes, which permitted one to confidently

identify HTD. The heat flux values at the onset of HTD were q = 13, 25, 40, and 58 kW/m2

for G = 300, 400, 500, and 600 kg/m2s, respectively. A complete collection of temperature

profiles for measurements taken in the 22 mm test section for 300 kg/m2s ≤ G ≤ 600 kg/m2s

can be found in Appendix A, Figures A.105 to A.108, A.110 to A.115 and A.117 to A.128.

Temperature profiles for G = 700 kg/m2s in the 22 mm test section were qualitatively

similar to those in the 4.6 and 8 mm test sections for the same mass flux. At lower heat fluxes,

bumps formed in the profiles and then, as q was increased, these bumps gradually evolved

into spikes (see Figure 5.14 as an example), which made it difficult to identify a specific q at

HTD onset. A complete collection of temperature profiles for measurements taken in the 22

mm test section for G = 700 kg/m2s can be found in Appendix A, Figures A.129 to A.136.



CHAPTER 5. RESULTS AND DISCUSSION 63

Summary

Temperature profiles for conditions near those at the onset of HTD were found to be quali-

tatively similar for all three test sections. Under certain conditions, these profiles contained

temperature spikes, which were distinguished into three types for the purpose of HTD iden-

tification. For G = 200 kg/m2s, the spikes were sharp and distinct, but had small amplitude

and only formed near the inlet of the test section over a limited range of Tin. For G in the

range from 300 to 600 kg/m2s, a large sharp spike formed away from the inlet, sometimes

near the end of the test section and possibly further downstream if the heated section were

longer; this was also observed for a limited range of Tin. In this range of G, temperature

profiles often developed low-amplitude, broad bumps as q was increased but remained rela-

tively small, which turned into large distinct spikes abruptly at some higher q. At the higher

mass flux of G = 700 kg/m2s, significant temperature spikes evolved gradually from bumps,

without any sudden changes, as the heat flux was increased. For the even higher mass flux

of G = 1000 and 1500 kg/m2s, the temperature profiles had broad bumps, which grew very

slightly as q was increased but did not turn into spikes even for the highest heat flux ex-

amined. The shape of wall temperature profiles at higher G makes it difficult to positively

identify HTD.

5.4.2 Identifying HTD by comparing measured Nusselt numbers

with predictions of a correlation for normal heat transfer

Selection of a normal heat transfer correlation

Several authors have identified the occurrence of HTD by comparing the measured heat

transfer coefficient HTC, or Nusselt number Nu, with predictions of different correlations

for normal heat transfer. As can be seen in Table 2.1, most of the available normal heat

transfer correlations are based on the Dittus and Boelter (1930) correlation

NuDB = 0.023Re0.8b Pr0.4b . (5.1)

Figure 5.15a shows some representative comparisons of predictions of this correlation and

present measurements for normal heat transfer. It can be seen that predictions and mea-

surements were in good agreement as long as the bulk enthalpy hb was significantly lower
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of higher than the pseudo-critical value hpc. In contrast, within a range of hb that was cen-

trered at hpc, the Dittus-Boelter correlation greatly over-predicted the measurements, with

the maximum discrepancy occurring at bulk specific enthalpies slightly higher than hpc. This

was found to apply consistently to all normal heat transfer measurements in all three test

sections.
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Figure 5.15: Comparisons between Nuexp and predicted Nu for P/Pc = 1.13, D = 4.6 mm,

G = 500 kg/m2s, q = 45 kW/m2; solid lines represent Nuexp; dashed-dotted lines represent

predicted Nu; vertical dashed lines represent hpc; units of Tin are ◦C.

A well-known limitation of the Dittus-Boelter correlation (and other correlations that

are based on bulk properties) for pipe flows with a strong radial temperature gradient is

that it does not account for a possible cross-sectional variation of thermophysical proper-

ties. This would indeed be the case in a pipe flow at a supercritical pressure, in which

the wall temperature was near the pseudo-critical value whereas the bulk temperature was
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well below it. Then the values of thermophysical properties, particularly the specific heat,

would change drastically across the test section, which in turn would have a strong impact

on the heat transfer coefficient. Because the near-wall specific heat would be higher than

the bulk value, heat transfer would appear to be enhanced compared to an estimate based

on bulk temperature. To account for this effect, several authors have introduced correc-

tions to bulk-based correlations that include the evaluation of properties at both wall and

bulk temperatures, and sometimes at intermediate ones as well. The earliest example is the

work by Krasnoshchekov and Protopopov (1966). These authors started with the bulk-based

correlation

Nuo =
ζ

8
RebPrb

1

12.7
√

ζ
8

(
Pr

2/3
b − 1

)
+ 1.07

,

where

ζ =
1

(1.82log(Reb)− 1.64)2
.

Then, they introduced correction factors to compensate for changes in thermophysical prop-

erties over the cross section of the flow, as follows

NuKras = Nuo

(
ρw
ρb

)0.3(
Cp

Cpb

)n

. (5.2)

In this expression, the exponent n was evaluated as

n = 0.4 for Tb < Tw < Tpc and for 1.2Tpc < Tb < Tw

n = 0.4 + 0.2
(

Tw

Tpc
− 1

)
for Tb < Tpc < Tw

n = 0.4 + 0.2
(

Tw

Tpc
− 1

) [
1− 5

(
Tb

Tpc
− 1

)]
for Tpc < Tb < 1.2Tpc and Tb < Tw

and Cp was defined as

Cp =
hw − hb

Tw − Tb

. (5.3)

The same correction relationship (5.2) was recently adopted by Jackson (2013), who, how-

ever, instead of Nuo, used the bulk-based correlation of Kays (1966)

NuK = 0.0183Re0.82b Pr0.5b . (5.4)

Jackson (2013) reported that predictions of the Nusselt number for normal heat transfer in

carbon dioxide were 98% of the time within ±25% of the measured value. He also stated,
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albeit without presenting any evidence, that the performance of this correlation would have

been virtually the same, if NuDB were used instead of NuK .

Because NuDB is more widely used than other bulk-based correlations, as well as fitting

well to the present normal heat transfer data at far-from-pseudo-critical conditions, we de-

cided to assess the occurrence of HTD by comparison of our measurements to predictions of

the following normal heat transfer correlation

NuNHT = NuDB

(
ρw
ρb

)0.3(
Cp

Cpb

)n

, (5.5)

where the exponent n is evaluated in the same way as for Eq. (5.2).

Testing of the selected correlation against normal heat transfer data

We computed the prediction of the selected correlation by means of an iterative process (see

Appendix E for details) and tested its accuracy against our normal heat transfer data in all

three test sections, for cases with conditions listed in Table 5.3. As shown for a representative

case in Figure 5.15b, the predictions of this correlation near the pseudo-critical bulk enthalpy

were much better than those of the Dittus-Boelter correlation. In fact, we found NuNHT to be

fairly accurate for the vast majority of tested cases, as illustrated in Figure 5.16. Predictions

of NuNHT were within ±30% of the measured values for 98%, 94%, and 98% of the data

points collected in the 4.6 mm, 8 mm, and 22 mm test sections, respectively. Figure 5.16

also shows that a great portion of data points that differed significantly (up to 100%) from

the predictions of NuNHT were taken at near-pseudo-critical conditions. The uncertainties

of both measurements and predictions are expected to be elevated under such conditions,

for which the values of thermophysical properties would be very sensitive to errors in the

recorded values of temperature, pressure etc. and even values computed from the NIST

tables could have higher uncertainty.

In summary, it has been shown that the use of NuNHT or similar normal heat transfer

correlations as a basis for HTD identification may lead to occasional misdiagnoses, especially

for cases with specific bulk enthalpies near to hpc. Even so, as will be demonstrated in the

following, this approach is capable of providing additional insight for cases for which HTD

identification based on the shape of a measured wall temperature profile is inconclusive.



CHAPTER 5. RESULTS AND DISCUSSION 67

Table 5.3: Conditions of normal heat transfer cases tested with the NuNHT correlation

D

[mm]

P/Pc

[ – ]

G

[kg/m2s]

q

[kW/m2 ]

Tin

[◦C]

4.6 1.13 300 13 8, 10, 12, 16, 20, 24, 27, 30, 32, 35

4.6 1.13 400 30 0, 3, 7, 12, 15, 17, 20, 22, 24, 26, 30, 35

4.6 1.13 500 45 -1, 3, 5, 9, 12, 14, 18, 20, 23, 25, 30, 35

4.6 1.13 600 75
-1, 4, 7, 10, 12, 14, 16, 18, 20, 22, 24, 26, 30,

35

4.6 1.13 700 110 26, 34

4.6 1.13 1000 230 15, 23, 35

8 1.13 300 13 14, 16, 18, 20, 22, 24, 28, 31, 33, 35

8 1.13 400 30
6, 9, 11, 13, 15, 17, 19, 21, 23, 25, 26, 27,

28, 31, 33

8 1.13 500 50
5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27, 29,

31

8 1.13 600 80 4, 6, 8, 10, 12, 14, 16, 18, 20

8 1.13 700 100 25, 29, 34

8 1.13 1000 235 4, 14

22 1.13 300 10
1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25,

27, 29, 31, 33, 35, 36

22 1.13 400 20
13, 15, 17, 19, 21, 23, 25, 27, 29, 31, 33, 35,

36

22 1.13 500 35 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27

22 1.13 600 55
3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 31

22 1.13 700 70 2, 5, 7, 31, 33, 35
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Figure 5.16: Plots of Nuexp/NuNHT for normal heat transfer cases; blue dashed line rep-

resents hpc; black dashed line represents Nuexp/NuNHT = 1; red dashed lines represent

Nuexp/NuNHT = ±30%.

HTD identification from a normal heat transfer correlation

As discussed in Section 5.4.1, under certain conditions, wall temperature profiles contained

sharp spikes, which were clear indications of local HTD occurrence. Under different con-

ditions, however, such profiles contained broad and mild bumps, which did not evolve into

spikes even for the highest heat flux examined. This was, for example, the case for G = 1000

and 1500 kg/m2s in the 4.6 and 8 mm test sections, for which observation of the temperature

profiles did not lead into a positive identification of either HTD or normal heat transfer. To

test the suitability of NuNHT for use in HTD identification, we have plotted together the

measured and predicted Nusselt numbers, as well as their ratio in separate plots, for all

cases with G = 1000 and 1500 kg/m2s in the 4.6 and 8 mm test sections (see Appendix B,

Figures B.1 to B.14 for the 4.6 mm test section and Figures B.15 to B.32 for the 8 mm test

section). A representative example for each test section is shown in Figure 5.17. In these

plots we can see that NuNHT never deviated significantly from Nuexp; in certain regions the

former was larger than the latter and in others the reverse was true. These examples seem to

indicate that, in general, Nuexp/NuNHT > 1 in the near-pseudo-critical region. This does not
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necessarily indicate that heat transfer was enhanced, but more likely that NuNHT underesti-

mated the normal Nu in this region, as already demonstrated by Figure 5.16. One may also

notice a region with Nuexp/NuNHT < 1 at a location around the bump in the temperature

profile. Nevertheless, values of this ratio never dropped below 0.7, which means that heat

transfer could well be normal, according to the criterion used for constructing Figure 5.16.

By comparing Twexp to TwNHT
over a wide range of Tin and different q (see Figure 5.18), it

can be seen that deterioration indeed occurred at sufficiently large q. Although the predicted

wall temperature was not very close to the measured values for some cases, especially near

to hpc, grouping sets of Twexp and TwNHT
over wide ranges of conditions allowed a confident

identification of HTD, even for cases that were individually unclear, as those for G = 1000

and 1500 kg/m2s in both test sections. A complete set of Twexp and TwNHT
for all three test

sections can be found in Appendix C. These results will be used to identify HTD for cases

with gradually developing, mild temperature bumps.

In summary, comparison of the measured Nuexp with the normal heat transfer correlation

NuNHT did not indicate that there was significant HTD in the 4.6 and 8 mm test sections

for G = 1000 and 1500 kg/m2s and q in the tested range. However, when comparing Twexp to

TwNHT
by grouping large sets of data together, it was possible to identify the occurrence of

HTD with some confidence. The results also seem to indicate that further empirical adjust-

ment of the correction factors to the Dittus-Boelter correlation might produce a correlation

that accounts more accurately for a radial variation of thermophysical properties.
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Figure 5.17: Axial profiles of Nuexp, NuNHT and their ratio. In all cases, P/Pc = 1.13 and

G = 1000 kg/m2s. a) 4.6 mm test section with q = 260 kW/m2; b) 8 mm test section with

q = 290 kW/m2; Tin is in ◦C.
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Figure 5.18: Comparisons between Twexp and TwNHT
for P/Pc = 1.13, D = 8 mm, G = 1000

kg/m2s.

5.4.3 Identifying HTD using a buoyancy parameter

As mentioned in Section 2.1.3, Jackson and Hall (1978) introduced a buoyancy parameter

Bob (Equation 2.1) and estimated that HTD would be significant (i.e., the HTC would be

reduced by at least 5% by comparison to the normal case) when Bob exceeded 10−5. Since its

introduction, numerous authors have evaluated the buoyancy parameter from experimental

data and have suggested different threshold values for HTD occurrence (see Table 2.1).

Modifications to the original buoyancy parameter have also been suggested and tested, but

in all cases success has been limited. The present database, compiled following a dense test

matrix, provides an opportunity for a detailed evaluation of previously suggested buoyancy

parameters and the possible introduction of additional corrections.

First, we tested the original hypothesis that there is a universal threshold of Bob for the
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occurrence of HTD. We selected a few cases for which spikes appeared in the wall temperature

profiles, thus providing unmistakable evidence of HTD, whereas large parts of the same

profiles were in the normal heat transfer mode. Such profiles for a few mass fluxes in the 8

mm test section are shown in Figure 5.19a, where measured values Twexp are compared with

predictions TwNHT
using NuNHT . Regions of significant HTD can be confidently identified

in all profiles. Figure 5.19b shows profiles of the corresponding Bob and demonstrates that

evident spikes also appeared in these profiles, which qualifies the buoyancy parameter as a

qualitative indicator of HTD. On the other hand, the spikes in Bob diminished in amplitude

as G was increased, in sharp contrast to spikes in Twexp , which became more accentuated

with increasing G. This observation indicates that spikes in Bob would likely become a less

sensitive qualitative indicator of HTD than spikes in Twexp as G is increased. The main

interest in Bob, however, is not as a qualitative HTD indicator, but rather a quantitative

one. In each of the four plots in Figure 5.19b, we have drawn a horizontal solid line that

intersects the Bob profile at the approximated boundaries of its HTD region, as determined

from the edges of the spikes in the wall temperature profile. Each of these lines defines a

threshold Bob,HTD for HTD occurrence for the particular case considered. A comparison of

the different thresholds shows clearly that their value decreased from about 1.3 × 10−4 for

the lowest G considered to 0.5 × 10−4 for the highest G, which was only twice as high as

the lowest G in these tests. The use of a low–G threshold would miss HTD entirely in some

high–G cases, whereas the use of a high–G threshold would misidentify extensive regions of

normal heat transfer in low–G cases as HTD regions. This discussion has demonstrated that

the use of a fixed threshold of Bob as HTD identifier would lead to misdiagnoses for wide

ranges of conditions.
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Figure 5.19: a) Axial profiles of the wall temperature for different mass fluxes G (in units

of kg/m2s) for the 8 mm test section; b) axial profiles of the corresponding Bob; solid red

lines represent the HTD threshold for the particular G, whereas dashed red line represent

the threshold for the highest G.

A corrected version BobV P
of the buoyancy parameter (Section 2.1.3, Equation 2.3) was

proposed by Jackson (2013). This parameter incorporates several correction factors to ac-

count for the effect of buoyancy on heat transfer in the presence of significant non-uniformity

of fluid properties and also includes a coefficient CB, which is proportional to the dimen-

sionless buffer layer thickness δ+. Further assuming that δ+ ≈ 30, Jackson (2013) estimated

the value CB ≈ 4600 and suggested that buoyancy would decrease the HTC by at least

5%, when BobV P
≥ 0.04. Although the use of a universal proportionality coefficient is of

no consequence in the determination of a threshold, we will retain this value of CB in our

analysis for consistency with the literature. In the following, we will test the accuracy of the

modified buoyancy parameter as HTD identifier against our data.
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Axial profiles of the modified buoyancy parameter have been plotted next to correspond-

ing wall temperature profiles in Figure 5.20 for the same conditions as those used in Figure

5.19. Qualitatively, the BobV P
profiles seem to resemble the corresponding Tw profiles closer

than Bob profiles do. Both BobV P
and Bob have peaks at the locations of Tw peaks, but

Bob drops significantly at higher hb, whereas BobV P
maintains fairly high values, in resem-

blance to the Tw profiles. For the purposes of HTD identification, however, this is not a

desirable feature, because it introduces the possibility that values of BobV P
at high hb, which

clearly correspond to normal heat transfer, may be higher than its value at the peak, which

presumably corresponds to HTD. As for the Bob plots, we fitted the BobV P
plots with thresh-

olds BobV P,HTD
separating regions of NHT and HTD. It can be readily seen in Figure 5.20

that these thresholds did not have a universal value, but decreased with increasing mass

flux. It is also evident that, as a consequence of the exclusion of NHT regions at high hb,

the use of BobV P,HTD
severely restricts the extent of HTD regions, whereas the use Bob,HTD

poses a lesser restriction in this respect. Further comparison between the profiles of the two

buoyancy parameters indicates once more that the modified parameter offers no advantage

in separating regions of NHT and HTD, because the magnitudes of the peaks of these pa-

rameters are slightly smaller than those of the original buoyancy parameter. Although our

observations have demonstrated that BobV P
may be a more problematic HTD indicator than

Bob is, we will pursue the testing of both parameters in order to enhance our understanding

of their significance.
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Figure 5.20: a) Axial profiles of the wall temperature for different mass fluxes G (in units

of kg/m2s) for the 8 mm test section; b) axial profiles of the corresponding BobV P
; solid red

lines represent the HTD threshold for the particular G, whereas dashed red line represent

the threshold for the highest G.

Having noticed the clear dependence of the HTD thresholds BobHTD
and BobV P,HTD

of

both buoyancy parameters upon the mass flux, we will next develop correction factors CG,Bob

and CG,BobV P
for this dependence. Each threshold from Figures 5.19b and 5.20b, normalised

by the corresponding reference value BobHTD,ref
= 0.47 × 10−4 or BobV P,HTD,ref

= 0.14 at

Gref = 600 kg/m2s, has been plotted in Figure 5.21 vs. G/Gref and using log-log scales. It

can be seen that the two sets of values can be fitted well by the power functions

BobHTD

BobHTD,ref

=

(
G

Gref

)−1.4

≡
(
CG,Bob

)−1
(5.6)
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and
BobV P,HTD

BobV P,HTD,ref

=

(
G

Gref

)−1.2

≡
(
CG,BobV P

)−1

. (5.7)

Figure 5.21: Plots of BobHTD
/BobHTD,ref

(□) and BobV P,HTD
/BobV P,HTD,ref

(×) vs. G/Gref ,

where Gref = 600 kg/m2s; black lines represent fitted power functions.

In the remainder of this section, we will evaluate the appropriateness of the two corrected

buoyancy parameters as HTD identifiers in our tests. More specifically, we will examine

whether wall temperature profiles with clearly visible spikes, and only these, satisfy the

conditions

CG,Bob
Bob ≥ 0.47× 10−4 (5.8)

and

CG,BobV P
BobV P

≥ 0.14 . (5.9)

We will present axial profiles of the two corrected buoyancy parameters next to profiles of

wall temperature, which were our main basis for HTD identification.

Tests of corrected buoyancy parameters against data in the 4.6 mm test section

As shown in Figure 5.22, for G = 300 kg/m2s, the profiles of both buoyancy parameters

were choppy and had discontinuities, which were not present in the temperature profiles.
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These discontinuities are attributed to discontinuities in the calculation of thermophysical

properties from the NIST tables. Although they should have no significance on the occur-

rence of HTD, in one case (Tin = 8 ◦C) they were large enough to trigger a false indication

of HTD. Excluding this case, both parameters identified HTD correctly, with their primary

and secondary peaks rising above the thresholds. For G = 400 (Figure 5.23) and 500 kg/m2s

(not shown here), both buoyancy parameters also predicted HTD correctly, although peaks

in the Bob profiles were in some cases not as well defined as those in the BobV P
profiles.
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Figure 5.22: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 300 kg/m2s,

q = 18 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure 5.23: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 400 kg/m2s,

q = 33 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.

In contrast to the lower G cases, when the mass flux was increased to G = 600 kg/m2s

(Figure 5.24), both of the buoyancy parameters missed some HTD cases or barely reached

the threshold. With further increase of G to 700 kg/m2s (Figure 5.25), none of the Bob and

BobV P
profiles crossed the HTD threshold, even for cases with strong Tw bumps. In these

cases, Bob seems to outperform BobV P
by producing bumps that came closer to the threshold

and, unlike BobV P
, by not showing a second large rise near hpc that is not reflected in the

temperature profile and could potentially trigger a false identification of HTD. In general,

it seems that the performance of both parameters for the 4.6 mm test section decreased as

the mass flux was increased.
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Figure 5.24: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 600 kg/m2s,

q = 83 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure 5.25: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 700 kg/m2s,

q = 125 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.

For the highest mass fluxes G = 1000 and 1500 kg/m2s (Figure 5.26), neither buoyancy
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parameter indicated the presence of HTD in any of the cases; this may be an incorrect

prediction because some of the temperature profiles in these cases contained small bumps.

Nevertheless, the BobV P
profiles showed a bump near hpc which does not correspond to a

bump in the temperature profiles, whereas the Bob profiles did not show such bumps. The

trend in Tw indicates that HTD would likely have been more distinct if q were increased

sufficiently, but the values of the buoyancy parameters at the estimated location of the

temperature peak do not seem likely to exceed the threshold levels following a moderate

increase in q. A more extensive collection of axial profiles of the two corrected buoyancy

parameters next to profiles of wall temperature for the 4.6 mm test section can be found in

Appendix C, Figures C.1 to C.36.
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Figure 5.26: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 1000 kg/m2s,

q = 260 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.

Tests of corrected buoyancy parameters against data in the 8 mm test section

For the lowest G tested of 200 kg/m2s (Figure 5.27), the Bob and BobV P
profiles were very

erratic and choppy to the point that they cannot be trusted. In fact, both parameters

sporadically exceeded their HTD thresholds, in contradiction to the Tw profiles, which were

smooth and indicated normal heat transfer. The Bob and BobV P
profiles for G = 300 kg/m2s
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were also choppy, especially at lower heat fluxes, but did not exceed the thresholds, which

is a behaviour very similar to the one observed in the 4.6 mm test section (see Figure 5.22).

22
34
46
58 Tin= 16

22
34
46
58 Tin= 24

22
34
46
58 Tin= 28

22
34
46
58 Tin= 32

22
34
46
58 Tin= 34

22
34
46
58 Tin= 36

240 260 280 300 320 340 360 380 400

22
34
46
58 Tin= 37

hb [kJ/kg]

 

 

T
[o
C
]

Twexp

TwNHT

Tb

Tpc

hpc

(a) Tw profiles

0

1
x 10

−4

Tin= 16

0

1
x 10

−4

Tin= 24

0

1
x 10

−4

Tin= 28

0

1
x 10

−4

Tin= 32

0

1
x 10

−4

Tin= 34

0

1
x 10

−4

Tin= 36

250 300 350 400
0

1
x 10

−4

Tin= 37

hb [kJ/kg]

B
o b

(b) Bob profiles

0

0.1

0.2
Tin= 16

0

0.1

0.2
Tin= 24

0

0.1

0.2
Tin= 28

0

0.1

0.2
Tin= 32

0

0.1

0.2
Tin= 34

0

0.1

0.2
Tin= 36

250 300 350 400
0

0.1

0.2
Tin= 37

hb [kJ/kg]

B
o b

V
P

(c) BobV P
profiles

Figure 5.27: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 200 kg/m2s,

q = 5 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.

For G = 400 kg/m2s (Figure 5.28), the profiles of both buoyancy parameter contained

spikes, and even secondary bumps, that corresponded to spikes and bumps in the temperature

profiles. Bob was generally successful in separating HTD and NHT cases, with even its

secondary bumps often exceeding the threshold. BobV P
also had some success in identifying

HTD, but missed the HTD case for Tin = 18 ◦C. Moreover, the profiles of BobV P
continued to

rise downstream of the primary spike, in contrast to the temperature profiles. This prevented

us from setting the threshold any lower in an effort to identify HTD more accurately. For

G = 500 (not shown here), 600 (Figure 5.29) and 700 kg/m2s (Figure 5.30) BobV P
continued

to perform well in nearly all cases (a possible exception is the Tin = 17 ◦C case in Figure

5.30, in which HTD is detected only marginally), while the performance of BobV P
continued

to deteriorate to the point that it missed all HTD cases for the higher G. For G = 1000

and 1500 kg/m2s, the performances of the two buoyancy parameters were similar to those

observed in the 4.6 mm test section for the same G (Figure 5.26). Bob did not detect any

HTD and did not produce a bump in the profile near hpc. BobV P
profiles, however, contained
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large bumps forming near hpc, which grew in magnitude with increasing heat flux, although

never exceeding the HTD threshold. A more extensive collection of axial profiles of the two

corrected buoyancy parameters next to profiles of wall temperature for the 8 mm test section

can be found in Appendix C, Figures C.37 to C.86.
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Figure 5.28: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 400 kg/m2s,

q = 33 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure 5.29: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 600 kg/m2s,

q = 83 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure 5.30: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 700 kg/m2s,

q = 115 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Tests of corrected buoyancy parameters against data in the 22 mm test section

The performances of the two corrected buoyancy parameters as HTD identifiers in the 22 mm

test section were generally similar to those in the two smaller test sections at the same G.

The profiles of both parameters for G = 200 and 300 kg/m2s were choppy and could not be

trusted to provide reliable HTD identification. For G = 400 (Figure 5.31), 500, 600 (Figure

5.32) and 700 kg/m2s (Figure 5.33), Bob identified correctly all HTD cases. In some cases

with high heat flux, however, some Bob profiles had very large peaks and were entirely above

the threshold, in contrast with the corresponding temperature profiles, which indicated that

HTD was localised. BobV P
suffered from the same problems as in the smaller test sections,

altogether missing many HTD cases and having elevated values in the high enthalpy region,

which could be potentially misidentified as HTD. A more extensive collection of axial profiles

of the two corrected buoyancy parameters next to profiles of wall temperature for the 22 mm

test section can be found in Appendix C, Figures C.87 to C.119.
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Figure 5.31: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 400 kg/m2s,

q = 35 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure 5.32: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 600 kg/m2s,

q = 58 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure 5.33: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 700 kg/m2s,

q = 90 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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5.4.4 Summary of HTD identification methods

Table D.1 in Appendix D contains a complete list of test conditions, with all identified

HTD cases marked with the use of red font. HTD was identified by the observation of

temperature spikes in the temperature profiles, complemented by a comparison of measured

wall temperature values and those predicted by a normal heat transfer correlation. Despite

being qualitative and subjective, this method was found to be the most reliable and, for the

vast majority of cases at near–HTD–onset conditions, gave unambiguous results. In general,

temperature spikes were distinct and sharp and appeared suddenly as the wall heat flux was

increased gradually, making HTD onset clearly distinguishable from normal heat transfer

behaviour. In some cases, however, temperature rises appeared gradually in the form of mild

bumps in the profile as conditions were changed, so that the conditions for HTD onset were

hard to identify precisely. In these cases, it was useful to compare the measured temperature

profiles to predicted ones, using a newly suggested NuNHT correlation, on a case-by-cases

basis. When differences in the corresponding values were significant near the peak of a bump,

HTD was considered to have occurred. Because of the approximate nature of this approach

and the wide ranges of conditions and profile shapes encountered, we considered it futile to

attempt to quantify, even less automate, HTD detection based on temperature profiles.

An extensive analysis of the buoyancy parameters Bob and BobV P
was conducted for our

data in three test sections, operating under widely ranging and closely incremented condi-

tions, in order to assess the performance of these parameters as quantitative HTD identifiers.

It was first found that correction factors were required for both parameters to account for

shifting thresholds for HTD occurrence as the mass flux was increased or decreased. The

corrected threshold for Bob identified correctly HTD in the majority of cases examined, al-

though it missed a few HTD cases, especially in the 4.6 mm test section. Additional fine

tuning of the Bob threshold and its correction factor seems to be worthwhile for establishing

this parameter as HTD identifier under specified ranges of conditions. On the contrary,

BobV P
did not perform very well in any test section and it seems that some or all of the sug-

gested correction factors overcompensated the parameter for different influences. Because

of its serious limitations, we do not see much value in incorporating small improvements to

this parameters.

In closing, we would like to acknowledge some benefits from the use of a normal heat
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transfer correlation and a buoyancy parameter threshold as unified and quantitative means

for identifying HTD in a set of measurements. On the other hand, we found that these

approaches are prone to misdiagnoses and can not be trusted blindly. Wall temperature

measurements are, in any case, necessary for evaluating these parameters and so we see no

reason to adopt either of these at the exclusion of direct observation of spikes in temperature

profiles.

5.5 Onset of HTD

5.5.1 HTD maps

Following the three methods described in Section 5.4, we were able to classify each set of

measurements as either a deteriorated or a normal heat transfer (NHT) case. This permitted

us to illustrate the regions occupied by each heat transfer mode in maps having the experi-

mental conditions D,Tin, q and G as parameters. To avoid clutter, we separated these maps

according to the values of D and G and then plotted the regions occupied by each of the

two heat transfer modes against axes corresponding to q and Tin. The results for the three

test sections are shown in Figures 5.34 to 5.36. The maps shown in these figures have red

regions that correspond to HTD and blue regions that correspond to NHT. Let us first make

some general observations that apply to all results.

For a fixed value of Tin, we could observe NHT when q < qonset(D,G, Tin) and HTD when

q ≥ qonset(D,G, Tin). By exception, for a range of Tin values just below Tpc, NHT occurred

even for the highest q considered, although we cannot exclude the possibility of HTD for

even higher q. The lowest among all values of qonset will be denoted as q = qonset,min(D,G);

it represents the highest q for which HTD did not occur for any value of Tin within the

present test range. To determine q = qonset,min, we extrapolated by eye the HTD regions

toward the low-q side and then marked the approximate location of qonset,min in each plot

by a vertical red solid line. A comparison among the values of qonset,min for different G in

each test section, makes it evident that they increased monotonically with increasing G, in

agreement with past literature.

When Tin was increased gradually, while q was fixed, the heat transfer mode followed one
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of two possible paths, depending on the values of D,G and q. When q had a sufficiently low

value, NHT occurred for the entire range of Tin considered. For higher values of q, however,

HTD occurred when Tin was within a subrange of the test range and NHT occurred when Tin

was outside this subrange. In some cases, this subrange extended to the lowest considered

values of Tin, whereas in others the HTD subrange was an intermediate one, with NHT

regions appearing between the lower HTD boundary and the lowest Tin of the tests, as well

as between the upper HTD boundary and Tpc. For the latter type of cases, and only for

these, it was possible to identify an apex of the extrapolated HTD region, with coordinates

q = qonset,min and Tin,qmin. At these conditions, HTD occurred only for an essentially isolated

value of Tin and not for any other, higher or lower, values. For the cases for which it existed,

Tin,qmin was marked in the plots by a horizontal red solid line. Among the six cases with

different G that were considered for each test section, clear identification of an HTD region

apex was possible forG = 300, 400, 500, 600 and 700 kg/m2s for the 22 mm tube, G = 400 and

500 kg/m2s for the 8 mm tube, and possibly G = 300 and 400 kg/m2s for the 4.6 mm tube.

This confirms previous observations that larger tubes are more prone to HTD than smaller

ones. For those cases, the width of the HTD region clearly increased with increasing q. The

G = 200 kg/m2s cases in the two larger test sections (tests in the 4.6 mm tube were difficult

to perform at this low G) seem to indicate that qonset,min may correspond to a range, rather

than a single value, of Tin, which may put these cases in a different category from the others.

For the high–G cases without an HTD region apex, it seems possible that Tin,qmin could not

be observed because it was lower than the lowest Tin examined.

Figure 5.37 shows Tin,qmin vs. G for the three test sections. Uncertainty bars, estimated

intuitively from the plots, were added to the points. The general trend in all three test

sections was that Tin,qmin shifted to lower values as G increased up to 700 kg/m2s, however,

the 8 mm results show that the Tin,qmin shifted to higher values from G = 1000 to 1500

kg/m2s. It can also be seen in Figure 5.37 that Tin,qmin for a fixed G increased with increasing

tube diameter. The cause and significance of this observation require further investigation.

The present results have confirmed some previous findings concerning the onset of HTD,

but have also introduced some novel observations, notably the existence of a limited range

of Tin for the occurrence of HTD for each D,G and q and not simply an onset heat flux that

applies to all Tin. This observation was possible because of the dense test matrix we adopted.
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Although the ranges of conditions in our tests were insufficient for all HTD phenomena to

be observed in all test sections, they were sufficient to demonstrate the general dependence

of HTD onset on the values of the various parameters.
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Figure 5.34: Effect of Tin, q, and G on the onset of HTD for the 22 mm test section.
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Figure 5.37: Tin,qmin vs. G for the 22 mm (△), 8 mm (×) and 4.6 mm (□) test sections;

solid lines have been fitted roughly to the data as a family; dotted line connects the 8 mm

families.

5.5.2 Minimum onset heat flux as a function of mass flux

A common approach in the HTD literature has been to express qonset in a given cross section

as a function of G. Such assertions were based on experiments for which Tin was fixed or

varied within a narrow range. Our tests, however, which spanned wide ranges of Tin for each

q, proved that qonset was also sensitive to Tin. We have already noted that, depending on

the value of Tin, both normal and deteriorated cases occurred for each value of q above some

threshold qonset,min, below which HTD was never observed for any value of inlet temperature.

In fact, normal heat transfer was observed for values of q that were up to 40% higher than

qonset,min over an inlet temperature range of 5 ◦C ≤ Tin ≤ 30 ◦C. Our results permitted us to

estimate, for each tube diameter and each mass flux, this heat flux threshold, which hereafter

will be referred to as the minimum onset heat flux.
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Figure 5.38: A log-log plot of qonset,min vs. G for the 4.6 (□), 8 (×) and 22 mm (△) test

sections; solid line represents fitted power function (see Table 5.4); dotted-line connects the

fitted correlations to the corresponding lowest–G points; dashed-dotted line represents the

Grabezhnaya and Kirillov (2006) correlation and dashed line represents the Bae et al. (2010)

correlation.

All estimated values of qonset,min in the present tests have been plotted vs. G in log-log

scales in Figure 5.38. One may observe that the corresponding values for the 4.6 and 8 mm

test sections essentially coincided, whereas the values for the 22 mm test section were lower

by nearly 30%. The data in the range 300 kg/m2s ≤ G ≤ 1500 kg/m2s for the 4.6 and 8 mm

test sections could be fitted well by a power function and the data in the range 300 kg/m2s

≤ G ≤ 700 kg/m2s for the 22 mm test section could also be fitted well by a different power

function. The two functions have been drawn as a dashed line and a solid line, respectively,

in the figure and are listed in Table 5.4. The power functions for all three sections had the
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Table 5.4: Fitted correlations between qonset,min and G for the present three test sections

D

[mm]

qonset,min(G)

[kW/m2]

G range

[kg/m2s ]
Comments

4.6 qonset,min = 2.0× 10−4G2 300 - 1500
insufficient data to provide qonset

for a wide Tin range

8 qonset,min = 2.0× 10−4G2 300 - 1500
insufficient data to provide qonset

for a wide Tin range

22 qonset,min = 1.5× 10−4G2 300 - 700
sufficient data to provide qonset

for a wide Tin range

same exponent 2.0, but the proportionality coefficient was lower for the 22 mm results than

those for the other two, which were equal. The values of qonset,min for G = 200 kg/m2s were

nearly 40% lower than predictions of the corresponding power functions, extrapolated to

lower G.

The present findings will be compared to predictions of two previous correlations, which

have been selected among several others proposed by different authors mostly for water flows

but also for other fluids. The first one is the correlation of Grabezhnaya and Kirillov (2006),

which was based on literature data for three different fluids and contains a scaling parameter

to accommodate the fluid type. These authors have not specified how the onset of HTD was

identified and so it is not clear whether the heat flux in this correlation is equivalent to our

own qonset,min. The second correlation is the one by Bae et al. (2010), which was fitted to their

own CO2 data in a vertical heated tube with an ID of 6.32 mm. Bae et al. (2010) presented

an analysis of their data in the context of developing a new heat transfer correlation, but

did not explain how they determined HTD onset conditions. In summary, our work is the

first study that attempts to define unambiguously HTD onset and its relationship to the

experimental conditions. The two previous correlations have been plotted together with our

results in Figure 5.38. It can be seen that the Grabezhnaya and Kirillov (2006) correlation,

with the scaling parameter adjusted for CO2, predicted much higher qonset than the present

ones, especially at lower mass fluxes; the exponent in the power function of this correlation

was also significantly lower than the one we found presently. On the other hand, predictions
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of the Bae et al. (2010) correlation coincide with the present results in the 4.6 and 8 mm

tubes, which supports the accuracy of the correlation and our observation that qonset,min was

insensitive to tube diameter within the range 4.6 to 8 mm.

5.5.3 The buoyancy parameter as an HTD predictor

Previous researchers (Jackson et al., 1989; McEligot and Jackson, 2004; Li et al., 2010) have

proposed that the onset of HTD is related to the value of a buoyancy parameter Bo∗b (Eq.

2.6), which contains a Grashof number Gr∗b that depends only on q and local bulk fluid

properties, as discussed in Section 2.2.2. In the following, we will investigate the sensitivity

of this buoyancy parameter to some properties that affect HTD.

Sensitivity to wall temperature and bulk enthalpy

Representative Bo∗b profiles for normal and deteriorated cases in the 8 mm test section are

presented in Fig. 5.39, together with the measured wall temperature profiles and predictions

of wall temperature by the normal heat transfer correlation NuNHT (Eq. 5.5). Although

HTD cases are easy to identify by the presence of spikes in the measured Tw profiles, the

corresponding Bo∗b profiles show no difference between deteriorated and normal cases. This

is not surprising, because Bo∗b was evaluated from properties at bulk temperature and had

no contribution by any parameter at wall temperature. Another observation that can be

made is that Bo∗b was insensitive to the value of specific enthalpy within a wide range of

hb and decreased with increasing hb only in the vicinity of the pseudo-critical value. The

present findings seem to suggest that a buoyancy parameter that takes into account local wall

temperature might be more successful than Bo∗b as an HTD indicator. Of course, because

wall temperature is generally not known in advance, the usefulness of such parameter for

predicting HTD onset might be limited.
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Figure 5.39: Bo∗b and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 500 kg/m2s, q = 55

kW/m2; units of Tin are ◦C

Sensitivity to inlet temperature

As shown in Fig. 5.40, Bo∗b at any given hb was insensitive to changes in Tin over the entire

range of Tin values tested. Moreover, over a wide range of hb below hpc, Bo∗b was nearly

constant, although it acquired a strong downward slope in the vicinity of hpc and beyond.

Therefore, for low hb cases, it would be sufficient to evaluate Bo∗b at Tin, rather than the

local bulk temperature.
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Figure 5.40: Bo∗b profiles for P/Pc = 1.13, G = 500 kg/m2s, q = 55 kW/m2; units of Tin are
◦C.

Sensitivity to mass flux and heat flux

The sensitivity of Bo∗b to mass flux changes could be tested with the use of our results in

the 22 mm test section, which had overlapping ranges of q and Tin for different values of the

mass flux. Among these results, we selected cases for which the bulk conditions remained

well below the pseudo-critical values in the entire test section. Figure 5.41 shows some

representative findings. It is evident in this figure that an increase in heat flux, with all

other conditions kept constant, resulted in a proportional increase in Bo∗b . The sensitivity of

this parameter to q decreased markedly with increasing G, as demonstrated by the decreasing

slopes of the heat flux isolines. Figure 5.41 also shows that, if G were increased by 100 kg/m2s

while all other conditions were kept unchanged, Bo∗b would drop by a very large percentage

of its value, which, however, decreased with increasing G. It appears that this sensitivity of

Bo∗b can be accounted for with a use of a correction factor for G, in a manner similar to the

one that was applied to Bob and BobV P
(see Section 5.4.3).
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Figure 5.41: Bo∗b evaluated at Tin = 21 ◦C and plotted versus q for D = 22 mm, P/Pc = 1.13;

black lines represent heat flux isolines; blue lines represent mass flux isolines; units of G are

kg/m2s.

Overview of Bo∗
b for all three test sections

It has been suggested that Bo∗b may be usable for predicting significant HTD due to its lack

of dependence on wall temperature. The previous discussion has shown, however, that this

parameter has some sensitivity to q at higher G and a high sensitivity to G for all q tested.

Figure 5.42 shows plots of all normal and deteriorated heat transfer cases in the 22 mm test

section, with Bo∗b evaluated at Tin for each case. It can be seen that Bo∗b values for NHT and

HTD overlapped considerably, especially for G ≥ 600 kg/m2s. This overlap is attributed

to the sensitivity of this parameter to q and makes it impossible to establish a single Bo∗b

threshold that would separate the normal and deteriorated zones, therefore we have limited

the analysis to the highest mass flux of G = 700 kg/m2s. We have, however, drawn a line

that is the locus of the smallest values of Bo∗b for which HTD was observed. In doing so,

we have disregarded the data for G = 200 kg/m2s, as it was demonstrated previously that

properties calculated from NIST tables for these cases were erratic. It must be emphasized
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that the benefit from using this threshold for identifying HTD is small, because several

values of Bo∗b for NHT were larger than this threshold and those that were not were only

slightly lower. Such “threshold” lines for all three test sections have been drawn in Figure

5.43. These results show that this threshold decreased rapidly with both increasing G and

decreasing tube diameter. Although we may have easily devised corrections for these effects,

we did not do so because of the poor performance of Bo∗b in separating NHT and HTD cases.
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Figure 5.42: Plot of Bo∗b values, evaluated at Tin conditions, vs G for all normal and deteri-

orated cases from the 22 mm test section
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Figure 5.43: Plot of Bo∗b values, evaluated at Tin conditions, vs G for all deteriorated cases

from all three test sections

In closing, it seems worthwhile to compare the levels of Bo∗b thresholds for the present

experiments and those suggested by previous authors. Jackson et al. (1989) and McEligot

and Jackson (2004) suggested the value Bo∗b > 6× 10−6 as a lower limit for HTD to occur.

This value is much higher than any of the three thresholds shown in Figure 5.43, but this

comparison may not be meaningful because the values suggested by Jackson et al. (1989)

and McEligot and Jackson (2004) were determined from experiments in water and air at

atmospheric pressure, in which property variations across the flow would have been much

weaker than at supercritical pressures. Li et al. (2010) considered data in supercritical

upward flows of CO2 in a 2 mm tube and suggested that the buoyancy parameter threshold

for HTD would be in the range 2× 10−7 ≤ Bo∗b ≤ 6× 10−7. Although these values are lower

than the present ones for G ≤ 500 kg/m2s, they seem to agree well for higher mass fluxes,

especially when considering the presently found decrease of this threshold with decreasing
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tube diameter.

5.6 Dependence of the HTC for normal heat transfer

on the tube diameter

The existing literature on the effect of tube diameter on supercritical heat transfer was

reviewed recently by Yildiz and Groeneveld (2014), who concluded that, in general, the

HTC for normal heat transfer would decrease with increasing tube diameter, if all other

conditions were kept the same. The exact dependence of HTC on D has not yet been

established, but some authors (Bae et al., 2010) adopted the power law D−0.2, which is

consistent dimensionally with the Dittus-Boelter correlation NuDB for normal heat transfer

in tubes at low subcritical pressures. An obvious limitation of a simple power law is that

it would lead to counter-intuitive predictions, if extrapolated in either direction. If D were

increased indefinitely, the predicted HTC would tend to vanish, rather than settling at the

value for a plane wall, whereas, if D were diminished indefinitely, HTC would tend towards

infinity, which is impossible. Moreover, we have shown in Section 5.4.2 that NuDB did not

describe well the present normal heat transfer experimental data when the specific enthalpy

was near the pseudo-critical value.

The availability of data obtained in test sections with three different diameters, but

otherwise under comparable conditions, offers us an opportunity to revisit the dependence of

the heat transfer coefficient on tube diameter. HTC values in the three tubes were compared

for various combinations of conditions within the following ranges: a single pressure, P/Pc =

1.13; three different inlet temperatures, namely Tin = 10, 20, and 30 ◦C; mass fluxes in the

range from 300 to 700 kg/m2s, at increments of 100 kg/m2s; a single value of q for each G, for

which heat transfer was normal in all three test sections; and a narrow range (having a width

of 5 kg/kJ) of bulk specific enthalpy hb. The choices of hb ranges among all available normal

heat transfer measurements were such as to provide data under comparable conditions in all

three test sections.

Figure 5.44 shows normalised HTC measurements vs. the normalised tube diameter for

three different hb ranges. Because many symbols in the plot overlap and are difficult to
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distinguish, we have listed all symbol types and experimental values in Table 5.5. The tube

diameter was normalised by Dref = 8 mm, whereas the HTC was normalized by reference

values HTCref in the 8 mm tube. The data presented a lot of scatter, but showed a clear

decrease of HTC/HTCref with increasing D/Dref . The power law

HTC

HTCref

=

(
D

Dref

)−0.2

, (5.10)

actually represented well the average trend, although it could not distinguish among cases

with different G and hb, besides leading to physical impossibilities if extrapolated to smaller

and larger D. For these reasons, we put effort into developing a more suitable correction

factor that describes diameter effects on the HTC. A careful examination of the data showed

that the HTC values in a given test section generally tended to increase systematically with

increasing G and so we decided to include G as a parameter in our new correlation. Instead of

a monotonically decreasing function of D, we decided to use a function that would approach

a constant asymptote as D → ∞. After testing several different types of functions, we chose

the expression
HTC

HTCref

=
A

1− (1− A)D/Dref
, (5.11)

where

A = −(G/Gref )
2 + 0.1(G/Gref ) + 1 , (5.12)

and Gref = 1380 kg/m2s. This correlation would also predict unrealistically large HTC as

D → 0 and so it should not be used for tubes with diameters much smaller than 4.6 mm.

Although not precise and only based on data in relatively narrow ranges of conditions, this

correction factor is in our opinion preferable to the simple power law. The selected Gref

applies to flows of CO2. For use with water or other fluids, we suggest that this reference

value is scaled following an established fluid-to-fluid scaling law for normal heat transfer

(Zahlan et al., 2014).
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Figure 5.44: A log-log plot of HTC/HTCref vs. D/Dref ; symbols are listed in Table 5.5;

Dref = 8 mm and HTCref represents values measured in the 8 mm test section; the dashed

line is a plot of the power law, Eq. 5.10; black, turquoise, red, green and blue solid lines are,

respectively, plots of Eq. 5.11 for G = 300, 400, 500, 600, 700 kg/m2s.
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Table 5.5: List of normal HTC results for all three test sections

D [mm] G [kg/m2s] q [kW/m2] hb [kJ/kg] HTC [kW/m2K]

∗ 4.6 300 10 230 - 235 1.38

◦ 4.6 300 10 255 - 260 1.51

△ 4.6 300 10 295 - 300 1.73

∗ 8 300 10 230 - 235 1.17

◦ 8 300 10 255 - 260 1.26

△ 8 300 10 295 - 300 1.41

∗ 22 300 10 230 - 235 1.13

◦ 22 300 10 255 - 260 1.28

△ 22 300 10 295 - 300 1.52

∗ 4.6 400 20 230 - 235 1.91

◦ 4.6 400 20 255 - 260 2.10

△ 4.6 400 20 295 - 300 2.39

∗ 8 400 20 230 - 235 1.60

◦ 8 400 20 255 - 260 1.79

△ 8 400 20 295 - 300 2.10

∗ 22 400 20 230 - 235 1.46

◦ 22 400 20 255 - 260 1.72

△ 22 400 20 295 - 300 2.14

∗ 4.6 500 35 230 - 235 2.36

◦ 4.6 500 35 255 - 260 2.75

∗ 8 500 35 230 - 235 2.02

◦ 8 500 35 255 - 260 2.54

∗ 22 500 35 230 - 235 1.82

◦ 22 500 35 255 - 260 2.33

∗ 4.6 600 55 230 - 235 2.83

◦ 4.6 600 55 255 - 260 3.56

△ 4.6 600 55 295 - 300 4.74

∗ 8 600 55 230 - 235 2.40

◦ 8 600 55 255 - 260 2.95

△ 8 600 55 295 - 300 3.82

∗ 22 600 55 230 - 235 2.13

◦ 22 600 55 255 - 260 2.67

△ 22 600 55 295 - 300 3.55

∗ 4.6 700 70 230 - 235 3.33

◦ 4.6 700 70 255 - 260 4.18

△ 4.6 700 70 295 - 300 5.53

∗ 8 700 70 230 - 235 2.84

◦ 8 700 70 255 - 260 3.53

△ 8 700 70 295 - 300 4.63

∗ 22 700 70 230 - 235 2.33

◦ 22 700 70 255 - 260 2.95

△ 22 700 70 295 - 300 3.93
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5.7 Dependence of qonset on the tube diameter

In Section 5.5.2, it was shown that the minimum onset heat flux could be defined as a

function of G in the form of a power law. Results were analyzed for three different test

section diameters and it was found that the resulting qonset,min expressions had the same

exponent, but a proportionality coefficient that was substantially lower for the 22 mm tube

than the 4.6 and 8 mm tubes, which had a common value. To quantify the relative effect of

diameter, we normalised the measured values of qonset,min in the mass flux range of 300 kg/m2s

≤ G ≤ 1500 kg/m2s by the corresponding reference value qonset,min,ref for the 8 mm tube.

The resulting ratios are shown in Figure 5.45. For convenience of future users, we fitted the

three experimental points with an S-shape function of diameter that also preserved plausible

experimental trends when interpolated or extrapolated with respect to the data points. This

function was

FD =
qonset,min

qonset,min,ref

= 0.7 +
(1− 0.7)

1 + e4(D/Dref−2.35)
, (5.13)

where qonset,min,ref = 2.0×10−4G2 andDref = 8 mm. This expression has an upper asymptote

for small D, which is consistent with the near coincidence of estimated values of qonset,min in

the two smaller tubes. This upper asymptote may not apply to tubes with extremely small

diameters, which may not have a distinct thermal boundary layer and may not be subjected

to HTD. This function also has a lower asymptote for large G. We did not measure directly

the value of this asymptote, but we intuitively set it to correspond to a qonset,min that was

slightly lower than the value in the largest test section we examined. Our belief in the

existence of a lower asymptote was based on the rationale that qonset,min cannot decrease

indefinitely as the diameter grows towards infinity, because the thermal boundary layer

thickness would eventually approach the value it would have along a plane wall (in other

words, wall curvature would be too small to have any influence on heat transfer). Expression

5.13 can be easily incorporated as a correction factor for diameter effects into the following

general power law for the onset of HTD in tubes

qonset,min = 2.0× 10−4FDG
2 . (5.14)

It is reminded that this law has been validated only for diameters from 4.6 to 22 mm, mass

fluxes from 300 to 1500 kg/m2s and a reduced pressure of P/Pc = 1.13.
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Figure 5.45: Dependence of normalised heat flux at HTD onset on tube diameter; the dashed

line represents Equation 5.13.



Chapter 6

Conclusion

6.1 Summary of the results

The first part of this study was focused on methods for identifying HTD in flows in heated

tubes at supercritical pressures. Three main HTD identification methods have been used by

previous researchers, but in most experimental studies HTD seems to have been treated as

an obvious phenomenon, as authors did not find it necessary to explain their identification

method. This ambiguity may introduce inconsistencies in comparisons among HTD results

from different sources. The most straightforward criterion for HTD occurrence is the presence

of spikes in axial profiles of wall temperature. The second method is to compare the measured

heat transfer coefficient and one predicted by a normal heat transfer correlation and assume

that HTD occurs when the ratio of these HTC drops below an empirical threshold. The

third method is to consider the value of a buoyancy parameter, computed with the use

of values of thermophysical properties evaluated at both bulk and wall temperatures, and

assume that HTD occurs when this parameter exceeds an empirical threshold. A detailed

examination of all three methods led to the following conclusions.

• A comparison of wall temperature profiles for different heat fluxes and inlet tempera-

tures, but grouped together in single graphs or organized in a series of individual plots,

was generally a reliable method of distinguishing deteriorated cases from normal cases.

• HTD could be identified confidently in single temperature profiles that contained

107
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abrupt spikes. Such spikes were observed for mass fluxes in the range 200 ≤ G ≤ 600

kg/m2s.

• A new normal heat transfer correlation was within ±30% of the measurements for

95% of our data in three test sections. Comparisons of measured HTC with predic-

tions of this correlation was useful for identifying HTD on a case-by-case basis, when

observation of a temperature profile had an inconclusive outcome.

• Comparison of a previously suggested buoyancy parameter, corrected empirically for

the effect of mass flux, with a fixed threshold separated deteriorated and normal heat

transfer cases successfully for most, but not all, present tests.

• A modified buoyancy parameter, also suggested in the literature and corrected for mass

flux effects, was found to be inferior to the original buoyancy parameter for the purpose

of HTD identification.

The second part of this study was to examine the onset of HTD for different combinations

of values of the parameters D, Tin, q, and G. Two methods for determining the onset of

HTD were identified in the literature. The most common method was to devise an empirical

relationship between qonset and G in the form of a power function. The second method was

to determine a threshold for a buoyancy parameter, defined as a function of q and bulk

fluid properties but without the need for wall temperature values. A thorough examination

of both methods, taking into consideration the effects of Tin and D, led to the following

conclusions.

• With D and G fixed, HTD occurred only when q exceeded a minimum qonset,min.

Within the G range from 300 to 1500 kg/m2s, this minimum was expressed as a power

function of G, which was the same for the 4.6 mm and 8 mm test sections but had

a smaller proportionality coefficient for the 22 mm test section. Our findings agreed

with literature results under comparable conditions.

• For fixed values of D and G, and q > qonset,min, HTD occurred only when Tin was

within a limited range, which became wider as q was increased.
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• For the range of conditions examined, HTD was not observed when Tin was near Tpc.

Some tests demonstrated that HTD was also possible for Tin > Tpc, but required

extremely large q.

• A bulk buoyancy parameter threshold could be fitted to our data for HTD onset in

each test section. Correction factors for this threshold for the effects of G and D seem

to be possible, but were not suggested because such a threshold could not separate a

large number of normal heat transfer cases from those with HTD.

The third part of this study was to examine the effects of diameter on the onset of HTD

and on the HTC for normal heat transfer. Our main findings were as follows.

• An S-shaped correction factor was developed to account for diameter effects on qonset,min.

• Although the previously suggested normal heat transfer relationship HTC ∝ D−0.2

was compatible with the present experimental results, we suggested a more complex

function of G and D, which fitted our data better and also satisfied the expectation

that the diameter effect would weaken with further increase in D.

6.2 Main contributions

Although following several decades of work on similar topics by many authors worldwide,

this is one of the most systematic, thorough and well documented experimental studies and

analyses of results on the identification and onset of HTD in tubes and on the effects of tube

diameter. Among the original contributions of this work, we can mention the following ones.

• It reports an experimental database on the onset of HTD in CO2 that was compiled

with the densest so far test matrix.

• It is the first in-depth comparison of all HTD criteria.

• It introduced an improved normal heat transfer correlation, which further contains a

new correction factor for the effect of tube diameter.

• It introduced new correction factors for the buoyancy parameters.
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• It is the first mapping of HTD and NHT regions with respect to D, Tin, q, and G for

CO2.

• It proposed a new correlation for predicting HTD onset, which includes a correction

factor for tube diameter effects.

6.3 Recommendations for future work

The present work may be readily continued to extend the ranges of of experimental conditions

and to cover additional topics related to HTD in supercritical flows. The following list of

recommendations for future work only includes tasks which are within the capabilities of the

present facility.

• The current analysis is based on data taken at one pressure and it would be valuable

to extend this analysis using data taken at a different pressure. In fact, some measure-

ments at a lower supercritical pressure have already been collected for the 8 mm test

section by a visiting intern.

• It would be valuable to extend the ranges of heat flux from the present near–onset

region to higher values. Some of this work has also been performed by the same

visiting intern, following small modifications of the thermocouple mounting procedure

to extend the range of acceptable wall temperatures in the loop.

• The present database and analyses would benefit from additional tests at higher mass

fluxes. For the larger test section, this would require the connection of one or two

additional pumps in parallel with the present ones.

• Measurements and analyses like the present ones could be repeated for a different

modelling fluid. Such work with Refrigerant 134a is currently in progress as part of a

different M.A.Sc. thesis research. These results can be compared to the present ones

for an evaluation and possible improvement of supercritical fluid-to-fluid scaling laws

for normal heat transfer and for the onset of HTD.
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• The present results can be used for the validation of numerical simulations of supercrit-

ical flows. Such work has been initiated by another student as part of a Ph.D. thesis

research.
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Figure A.1: Temperature profiles for P/Pc = 1.13, G = 300 kg/m2s, q = 13 kW/m2; units

of Tin are ◦C.
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Figure A.2: Temperature profiles for P/Pc = 1.13, G = 300 kg/m2s, q = 15 kW/m2; units

of Tin are ◦C.
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Figure A.3: Temperature profiles for P/Pc = 1.13, G = 300 kg/m2s, q = 18 kW/m2; units

of Tin are ◦C.
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Figure A.4: Temperature profiles for P/Pc = 1.13, G = 300 kg/m2s, q = 20 kW/m2; units

of Tin are ◦C.
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Figure A.5: Temperature profiles for P/Pc = 1.13, G = 400 kg/m2s, q = 30 kW/m2; units

of Tin are ◦C.
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Figure A.6: Temperature profiles for P/Pc = 1.13, G = 400 kg/m2s, q = 33 kW/m2; units

of Tin are ◦C.
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Figure A.7: Temperature profiles for P/Pc = 1.13, G = 400 kg/m2s, q = 35 kW/m2; units

of Tin are ◦C.
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Figure A.8: Temperature profiles for P/Pc = 1.13, G = 400 kg/m2s, q = 38 kW/m2; units

of Tin are ◦C.
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Figure A.9: Temperature profiles for P/Pc = 1.13, G = 400 kg/m2s, q = 40 kW/m2; units

of Tin are ◦C.
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Figure A.10: Temperature profiles for P/Pc = 1.13, G = 500 kg/m2s, q = 45 kW/m2; units

of Tin are ◦C.
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Figure A.11: Temperature profiles for P/Pc = 1.13, G = 500 kg/m2s, q = 48 kW/m2; units

of Tin are ◦C.
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Figure A.12: Temperature profiles for P/Pc = 1.13, G = 500 kg/m2s, q = 50 kW/m2; units

of Tin are ◦C.
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Figure A.13: Temperature profiles for P/Pc = 1.13, G = 500 kg/m2s, q = 53 kW/m2; units

of Tin are ◦C.
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Figure A.14: Temperature profiles for P/Pc = 1.13, G = 500 kg/m2s, q = 55 kW/m2; units

of Tin are ◦C.
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Figure A.15: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 75 kW/m2; units

of Tin are ◦C.
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Figure A.16: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 80 kW/m2; units

of Tin are ◦C.
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Figure A.17: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 83 kW/m2; units

of Tin are ◦C.
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Figure A.18: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 85 kW/m2; units

of Tin are ◦C.
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Figure A.19: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 90 kW/m2; units

of Tin are ◦C.
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Figure A.20: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 95 kW/m2; units

of Tin are ◦C.
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Figure A.21: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 100 kW/m2; units

of Tin are ◦C.
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Figure A.22: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 105 kW/m2; units

of Tin are ◦C.
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Figure A.23: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 110 kW/m2; units

of Tin are ◦C.
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Figure A.24: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 115 kW/m2; units

of Tin are ◦C.
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Figure A.25: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 120 kW/m2; units

of Tin are ◦C.
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Figure A.26: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 125 kW/m2; units

of Tin are ◦C.
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Figure A.27: Temperature profiles for P/Pc = 1.13, G = 1000 kg/m2s, q = 225 kW/m2;

units of Tin are ◦C.
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Figure A.28: Temperature profiles for P/Pc = 1.13, G = 1000 kg/m2s, q = 230 kW/m2;

units of Tin are ◦C.
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Figure A.29: Temperature profiles for P/Pc = 1.13, G = 1000 kg/m2s, q = 240 kW/m2;

units of Tin are ◦C.
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Figure A.30: Temperature profiles for P/Pc = 1.13, G = 1000 kg/m2s, q = 245 kW/m2;

units of Tin are ◦C.
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Figure A.31: Temperature profiles for P/Pc = 1.13, G = 1000 kg/m2s, q = 250 kW/m2;

units of Tin are ◦C.
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Figure A.32: Temperature profiles for P/Pc = 1.13, G = 1000 kg/m2s, q = 260 kW/m2;

units of Tin are ◦C.
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Figure A.33: Temperature profiles for P/Pc = 1.13, G = 1500 kg/m2s, q = 380 kW/m2;

units of Tin are ◦C.
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Figure A.34: Temperature profiles for P/Pc = 1.13, G = 1500 kg/m2s, q = 390 kW/m2;

units of Tin are ◦C.
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Figure A.35: Temperature profiles for P/Pc = 1.13, G = 1500 kg/m2s, q = 400 kW/m2;

units of Tin are ◦C.
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Figure A.36: Temperature profiles for P/Pc = 1.13, G = 1500 kg/m2s, q = 410 kW/m2;

units of Tin are ◦C.
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Figure A.37: Temperature profiles for P/Pc = 1.13, G = 1500 kg/m2s, q = 420 kW/m2;

units of Tin are ◦C.
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Figure A.38: Temperature profiles for P/Pc = 1.13, G = 1500 kg/m2s, q = 430 kW/m2;

units of Tin are ◦C.
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Figure A.39: Temperature profiles for P/Pc = 1.13, G = 1500 kg/m2s, q = 440 kW/m2;

units of Tin are ◦C.
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Figure A.40: Temperature profiles for P/Pc = 1.13, G = 1500 kg/m2s, q = 450 kW/m2;

units of Tin are ◦C.



APPENDIX A. MEASUREMENTS OF WALL TEMPERATURE PROFILES 153

A.2 8 mm test section

220 240 260 280 300 320 340 360 380 400 420

15

20

25

30

35

40

45

D = 8 mm

hb [kJ/kg]

T
[o
C
]

 

 Tin = 16

Tin = 18

Tin = 20

Tin = 22

Tin = 24

Tin = 26

Tin = 28

Tin = 30

Tin = 32

Tin = 34

Tin = 36

Tin = 38

Tb

Tpc

hpc

(a) All cases

20

30

40
Tin=16

20

30

40
Tin=20

20

30

40
Tin=24

20

30

40
Tin=28

20

30

40
Tin=32

20

30

40
Tin=36

250 300 350 400

20

30

40
Tin=38

hb [kJ/kg]

 

 

T
[o
C
]

Tw

Tb

Tpc

hpc

(b) Select cases

Figure A.41: Temperature profiles for P/Pc = 1.13, G = 200 kg/m2s, q = 3 kW/m2; units

of Tin are ◦C.
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Figure A.42: Temperature profiles for P/Pc = 1.13, G = 200 kg/m2s, q = 5 kW/m2; units

of Tin are ◦C.



APPENDIX A. MEASUREMENTS OF WALL TEMPERATURE PROFILES 155

250 300 350 400

15

20

25

30

35

40

45

50

55

D = 8 mm

hb [kJ/kg]

T
[o
C
]

 

 
Tin = 16

Tin = 18

Tin = 20

Tin = 22

Tin = 24

Tin = 26

Tin = 28

Tin = 30

Tin = 32

Tin = 34

Tin = 36

Tin = 38

Tb

Tpc

hpc

(a) All cases

20

35

50
Tin=16

20

35

50
Tin=24

20

35

50
Tin=28

20

35

50
Tin=32

20

35

50
Tin=34

20

35

50
Tin=36

250 300 350 400

20

35

50
Tin=38

hb [kJ/kg]

 

 

T
[o
C
]

Tw

Tb

Tpc

hpc

(b) Select cases

Figure A.43: Temperature profiles for P/Pc = 1.13, G = 800 kg/m2s, q = 8 kW/m2; units

of Tin are ◦C.
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Figure A.44: Temperature profiles for P/Pc = 1.13, G = 200 kg/m2s, q = 10 kW/m2; units

of Tin are ◦C.
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Figure A.45: Temperature profiles for P/Pc = 1.13, G = 200 kg/m2s, q = 15 kW/m2; units

of Tin are ◦C.
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Figure A.46: Temperature profiles for P/Pc = 1.13, G = 200 kg/m2s, Tin = 40 ◦C; units of

q are kW/m2.
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Figure A.47: Temperature profiles for P/Pc = 1.13, G = 300 kg/m2s, q = 10 kW/m2; units

of Tin are ◦C.
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Figure A.48: Temperature profiles for P/Pc = 1.13, G = 300 kg/m2s, q = 13 kW/m2; units

of Tin are ◦C.
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Figure A.49: Temperature profiles for P/Pc = 1.13, G = 300 kg/m2s, q = 15 kW/m2; units

of Tin are ◦C.
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Figure A.50: Temperature profiles for P/Pc = 1.13, G = 300 kg/m2s, q = 18 kW/m2; units

of Tin are ◦C.
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Figure A.51: Temperature profiles for P/Pc = 1.13, G = 300 kg/m2s, q = 20 kW/m2; units

of Tin are ◦C.
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Figure A.52: Temperature profiles for P/Pc = 1.13, G = 300 kg/m2s, Tin = 38 ◦C; units of

q are kW/m2.
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Figure A.53: Temperature profiles for P/Pc = 1.13, G = 400 kg/m2s, q = 25 kW/m2; units

of Tin are ◦C.
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Figure A.54: Temperature profiles for P/Pc = 1.13, G = 400 kg/m2s, q = 30 kW/m2; units

of Tin are ◦C.
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Figure A.55: Temperature profiles for P/Pc = 1.13, G = 400 kg/m2s, q = 33 kW/m2; units

of Tin are ◦C.
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Figure A.56: Temperature profiles for P/Pc = 1.13, G = 400 kg/m2s, q = 35 kW/m2; units

of Tin are ◦C.
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Figure A.57: Temperature profiles for P/Pc = 1.13, G = 400 kg/m2s, q = 40 kW/m2; units

of Tin are ◦C.
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Figure A.58: Temperature profiles for P/Pc = 1.13, G = 500 kg/m2s, q = 50 kW/m2; units

of Tin are ◦C.



APPENDIX A. MEASUREMENTS OF WALL TEMPERATURE PROFILES 171

200 250 300 350 400

10

20

30

40

50

60

D = 8 mm

hb [kJ/kg]

T
[o
C
]

 

 Tin = 5

Tin = 7

Tin = 9

Tin = 11

Tin = 13

Tin = 15

Tin = 17

Tin = 19

Tin = 21

Tin = 23

Tin = 25

Tin = 27

Tin = 29

Tin = 31

Tb

Tpc

hpc

(a) All cases

35

60 Tin=13

35

60 Tin=15

35

60 Tin=17

35

60 Tin=19

35

60 Tin=21

35

60 Tin=23

240 260 280 300 320 340 360 380

35

60 Tin=25

hb [kJ/kg]

 

 

T
[o
C
]

Tw

Tb

Tpc

hpc

(b) Select cases

Figure A.59: Temperature profiles for P/Pc = 1.13, G = 500 kg/m2s, q = 53 kW/m2; units

of Tin are ◦C.
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Figure A.60: Temperature profiles for P/Pc = 1.13, G = 500 kg/m2s, q = 55 kW/m2; units

of Tin are ◦C.
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Figure A.61: Temperature profiles for P/Pc = 1.13, G = 500 kg/m2s, q = 60 kW/m2; units

of Tin are ◦C.
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Figure A.62: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 65 kW/m2; units

of Tin are ◦C.
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Figure A.63: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 70 kW/m2; units

of Tin are ◦C.
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Figure A.64: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 73 kW/m2; units

of Tin are ◦C.
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Figure A.65: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 75 kW/m2; units

of Tin are ◦C.
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Figure A.66: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 78 kW/m2; units

of Tin are ◦C.



APPENDIX A. MEASUREMENTS OF WALL TEMPERATURE PROFILES 179

200 220 240 260 280 300 320 340 360 380 400

10

20

30

40

50

60

70

D = 8 mm

hb [kJ/kg]

T
[o
C
]

 

 

Tin = 4

Tin = 6

Tin = 8

Tin = 10

Tin = 12

Tin = 14

Tin = 16

Tin = 18

Tin = 20

Tb

Tpc

hpc

(a) All cases

10

40

70 Tin=4

10

40

70 Tin=6

10

40

70 Tin=8

10

40

70 Tin=10

10

40

70 Tin=14

10

40

70 Tin=18

250 300 350

10

40

70 Tin=20

hb [kJ/kg]

 

 

T
[o
C
]

Tw

Tb

Tpc

hpc

(b) Select cases

Figure A.67: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 80 kW/m2; units

of Tin are ◦C.
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Figure A.68: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 83 kW/m2; units

of Tin are ◦C.
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Figure A.69: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 85 kW/m2; units

of Tin are ◦C.
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Figure A.70: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 90 kW/m2; units

of Tin are ◦C.
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Figure A.71: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 90 kW/m2; units

of Tin are ◦C.
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Figure A.72: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 95 kW/m2; units

of Tin are ◦C.
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Figure A.73: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 98 kW/m2; units

of Tin are ◦C.
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Figure A.74: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 100 kW/m2; units

of Tin are ◦C.
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Figure A.75: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 105 kW/m2; units

of Tin are ◦C.
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Figure A.76: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 110 kW/m2; units

of Tin are ◦C.
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Figure A.77: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 115 kW/m2; units

of Tin are ◦C.
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Figure A.78: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 120 kW/m2; units

of Tin are ◦C.
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Figure A.79: Temperature profiles for P/Pc = 1.13, G = 1000 kg/m2s, q = 190 kW/m2;

units of Tin are ◦C.
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Figure A.80: Temperature profiles for P/Pc = 1.13, G = 1000 kg/m2s, q = 200 kW/m2;

units of Tin are ◦C.
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Figure A.81: Temperature profiles for P/Pc = 1.13, G = 1000 kg/m2s, q = 210 kW/m2;

units of Tin are ◦C.
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Figure A.82: Temperature profiles for P/Pc = 1.13, G = 1000 kg/m2s, q = 220 kW/m2;

units of Tin are ◦C.
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Figure A.83: Temperature profiles for P/Pc = 1.13, G = 1000 kg/m2s, q = 225 kW/m2;

units of Tin are ◦C.
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Figure A.84: Temperature profiles for P/Pc = 1.13, G = 1000 kg/m2s, q = 230 kW/m2;

units of Tin are ◦C.
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Figure A.85: Temperature profiles for P/Pc = 1.13, G = 1000 kg/m2s, q = 235 kW/m2;

units of Tin are ◦C.
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Figure A.86: Temperature profiles for P/Pc = 1.13, G = 1000 kg/m2s, q = 240 kW/m2;

units of Tin are ◦C.
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Figure A.87: Temperature profiles for P/Pc = 1.13, G = 1000 kg/m2s, q = 245 kW/m2;

units of Tin are ◦C.
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Figure A.88: Temperature profiles for P/Pc = 1.13, G = 1000 kg/m2s, q = 250 kW/m2;

units of Tin are ◦C.



APPENDIX A. MEASUREMENTS OF WALL TEMPERATURE PROFILES 201

200 250 300 350 400 450 500 550 600 650

50

100

150

200

250

D = 8 mm

hb [kJ/kg]

T
[o
C
]

 

 Tin = 7

Tin = 8

Tin = 10

Tin = 12

Tin = 14

Tin = 16

Tin = 19

Tin = 21

Tin = 23

Tin = 25

Tin = 27

Tin = 29

Tin = 31

Tin = 32

Tin = 34

Tin = 37

Tb

Tpc

hpc

(a) All cases

140

260 Tin=21

140

260 Tin=23

140

260 Tin=25

140

260 Tin=27

140

260 Tin=31

140

260 Tin=34

300 350 400 450 500 550 600

140

260 Tin=37

hb [kJ/kg]

 

 

T
[o
C
]

Tw

Tb

Tpc

hpc

(b) Select cases

Figure A.89: Temperature profiles for P/Pc = 1.13, G = 1000 kg/m2s, q = 260 kW/m2;

units of Tin are ◦C.
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Figure A.90: Temperature profiles for P/Pc = 1.13, G = 1500 kg/m2s, q = 380 kW/m2;

units of Tin are ◦C.
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Figure A.91: Temperature profiles for P/Pc = 1.13, G = 1500 kg/m2s, q = 390 kW/m2;

units of Tin are ◦C.
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Figure A.92: Temperature profiles for P/Pc = 1.13, G = 1500 kg/m2s, q = 400 kW/m2;

units of Tin are ◦C.
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Figure A.93: Temperature profiles for P/Pc = 1.13, G = 1500 kg/m2s, q = 410 kW/m2;

units of Tin are ◦C.
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Figure A.94: Temperature profiles for P/Pc = 1.13, G = 1500 kg/m2s, q = 420 kW/m2;

units of Tin are ◦C.
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Figure A.95: Temperature profiles for P/Pc = 1.13, G = 1500 kg/m2s, q = 430 kW/m2;

units of Tin are ◦C.
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Figure A.96: Temperature profiles for P/Pc = 1.13, G = 1500 kg/m2s, q = 440 kW/m2;

units of Tin are ◦C.
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Figure A.97: Temperature profiles for P/Pc = 1.13, G = 1500 kg/m2s, q = 450 kW/m2;

units of Tin are ◦C.
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Figure A.98: Temperature profiles for P/Pc = 1.13, G = 200 kg/m2s, q = 2 kW/m2; units

of Tin are ◦C.
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Figure A.99: Temperature profiles for P/Pc = 1.13, G = 200 kg/m2s, q = 3 kW/m2; units

of Tin are ◦C.
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Figure A.100: Temperature profiles for P/Pc = 1.13, G = 200 kg/m2s, q = 3.5 kW/m2;

units of Tin are ◦C.
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Figure A.101: Temperature profiles for P/Pc = 1.13, G = 200 kg/m2s, q = 4 kW/m2; units

of Tin are ◦C.
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Figure A.102: Temperature profiles for P/Pc = 1.13, G = 200 kg/m2s, q = 5 kW/m2; units

of Tin are ◦C.
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Figure A.103: Temperature profiles for P/Pc = 1.13, G = 200 kg/m2s, q = 10 kW/m2; units

of Tin are ◦C.
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Figure A.104: Temperature profiles for P/Pc = 1.13, G = 200 kg/m2s, Tin = 40 ◦C; units of

q are kW/m2.



APPENDIX A. MEASUREMENTS OF WALL TEMPERATURE PROFILES 217

180 200 220 240 260 280 300 320 340 360

5

10

15

20

25

30

35

40

D = 22 mm

hb [kJ/kg]

T
[o
C
]

 

 

Tin = 1

Tin = 3

Tin = 5

Tin = 7

Tin = 9

Tin = 11

Tin = 13

Tin = 15

Tin = 17

Tin = 19

Tin = 21

Tin = 23

Tin = 25

Tin = 27

Tin = 29

Tin = 31

Tin = 33

Tin = 35

Tin = 36

Tb

Tpc

hpc

(a) All cases

20

40 Tin=1

20

40 Tin=7

20

40 Tin=13

20

40 Tin=19

20

40 Tin=25

20

40 Tin=31

200 250 300 350

20

40 Tin=36

hb [kJ/kg]

 

 

T
[o
C
]

Tw

Tb

Tpc

hpc

(b) Select cases

Figure A.105: Temperature profiles for P/Pc = 1.13, G = 300 kg/m2s, q = 10 kW/m2; units

of Tin are ◦C.
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Figure A.106: Temperature profiles for P/Pc = 1.13, G = 300 kg/m2s, q = 13 kW/m2; units

of Tin are ◦C.
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Figure A.107: Temperature profiles for P/Pc = 1.13, G = 300 kg/m2s, q = 15 kW/m2; units

of Tin are ◦C.
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Figure A.108: Temperature profiles for P/Pc = 1.13, G = 300 kg/m2s, q = 20 kW/m2; units

of Tin are ◦C.
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Figure A.109: Temperature profiles for P/Pc = 1.13, G = 300 kg/m2s, Tin = 37 ◦C; units of

q are kW/m2.
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Figure A.110: Temperature profiles for P/Pc = 1.13, G = 400 kg/m2s, q = 20 kW/m2; units

of Tin are ◦C.
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Figure A.111: Temperature profiles for P/Pc = 1.13, G = 400 kg/m2s, q = 23 kW/m2; units

of Tin are ◦C.
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Figure A.112: Temperature profiles for P/Pc = 1.13, G = 400 kg/m2s, q = 25 kW/m2; units

of Tin are ◦C.
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Figure A.113: Temperature profiles for P/Pc = 1.13, G = 400 kg/m2s, q = 28 kW/m2; units

of Tin are ◦C.
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Figure A.114: Temperature profiles for P/Pc = 1.13, G = 400 kg/m2s, q = 30 kW/m2; units

of Tin are ◦C.
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Figure A.115: Temperature profiles for P/Pc = 1.13, G = 400 kg/m2s, q = 35 kW/m2; units

of Tin are ◦C.
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Figure A.116: Temperature profiles for P/Pc = 1.13, G = 400 kg/m2s, Tin = 37 ◦C; units of

q are kW/m2.
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Figure A.117: Temperature profiles for P/Pc = 1.13, G = 500 kg/m2s, q = 35 kW/m2; units

of Tin are ◦C.
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Figure A.118: Temperature profiles for P/Pc = 1.13, G = 500 kg/m2s, q = 38 kW/m2; units

of Tin are ◦C.
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Figure A.119: Temperature profiles for P/Pc = 1.13, G = 500 kg/m2s, q = 40 kW/m2; units

of Tin are ◦C.
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Figure A.120: Temperature profiles for P/Pc = 1.13, G = 500 kg/m2s, q = 43 kW/m2; units

of Tin are ◦C.
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Figure A.121: Temperature profiles for P/Pc = 1.13, G = 500 kg/m2s, q = 45 kW/m2; units

of Tin are ◦C.
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Figure A.122: Temperature profiles for P/Pc = 1.13, G = 500 kg/m2s, q = 48 kW/m2; units

of Tin are ◦C.
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Figure A.123: Temperature profiles for P/Pc = 1.13, G = 500 kg/m2s, q = 50 kW/m2; units

of Tin are ◦C.
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Figure A.124: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 55 kW/m2; units

of Tin are ◦C.
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Figure A.125: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 58 kW/m2; units

of Tin are ◦C.
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Figure A.126: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 60 kW/m2; units

of Tin are ◦C.
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Figure A.127: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 65 kW/m2; units

of Tin are ◦C.
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Figure A.128: Temperature profiles for P/Pc = 1.13, G = 600 kg/m2s, q = 70 kW/m2; units

of Tin are ◦C.
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Figure A.129: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 70 kW/m2; units

of Tin are ◦C.
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Figure A.130: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 73 kW/m2; units

of Tin are ◦C.
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Figure A.131: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 75 kW/m2; units

of Tin are ◦C.
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Figure A.132: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 78 kW/m2; units

of Tin are ◦C.
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Figure A.133: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 80 kW/m2; units

of Tin are ◦C.
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Figure A.134: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 83 kW/m2; units

of Tin are ◦C.
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Figure A.135: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 85 kW/m2; units

of Tin are ◦C.
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Figure A.136: Temperature profiles for P/Pc = 1.13, G = 700 kg/m2s, q = 90 kW/m2; units

of Tin are ◦C.
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B.1 4.6 mm test section

4.6 mm Test Section

200

400

200

400

200

400

200

400

200

400

200

400

200

400

200 250 300 350 400 450 500 550

200

400

0

1

2

0

1

2

0

1

2

0

1

2

0

1

2

0

1

2

0

1

2

200 300 400 500 600

0

1

2

Figure B.1: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1000 kg/m2s, q = 225 kW/m2;

units of Tin are in ◦C.
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Figure B.2: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1000 kg/m2s, q = 230 kW/m2;

units of Tin are in ◦C.
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Figure B.3: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1000 kg/m2s, q = 240 kW/m2;

units of Tin are in ◦C.
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Figure B.4: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1000 kg/m2s, q = 250 kW/m2;

units of Tin are in ◦C.
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Figure B.5: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1000 kg/m2s, q = 260 kW/m2;

units of Tin are in ◦C.
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Figure B.6: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1000 kg/m2s, q = 290 kW/m2;

units of Tin are in ◦C.
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Figure B.7: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1500 kg/m2s, q = 380 kW/m2;

units of Tin are in ◦C.
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Figure B.8: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1500 kg/m2s, q = 390 kW/m2;

units of Tin are in ◦C.
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Figure B.9: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1500 kg/m2s, q = 400 kW/m2;

units of Tin are in ◦C.



APPENDIX B. COMPARISONS OF NUEXP WITH NUNHT 259

4.6 mm Test Section

200

400

600

200

400

600

200

400

600

200

400

600

200

400

600

200 250 300 350 400 450 500 550

200

400

600

0

1

2

0

1

2

0

1

2

0

1

2

0

1

2

200 300 400 500 600

0

1

2

Figure B.10: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1500 kg/m2s, q = 410 kW/m2;

units of Tin are in ◦C.
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Figure B.11: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1500 kg/m2s, q = 420 kW/m2;

units of Tin are in ◦C.
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Figure B.12: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1500 kg/m2s, q = 430 kW/m2;

units of Tin are in ◦C.
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Figure B.13: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1500 kg/m2s, q = 440 kW/m2;

units of Tin are in ◦C.
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Figure B.14: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1500 kg/m2s, q = 450 kW/m2;

units of Tin are in ◦C.
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Figure B.15: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1000 kg/m2s, q = 200 kW/m2;

units of Tin are in ◦C.
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Figure B.16: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1000 kg/m2s, q = 210 kW/m2;

units of Tin are in ◦C.
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Figure B.17: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1000 kg/m2s, q = 220 kW/m2;

units of Tin are in ◦C.
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Figure B.18: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1000 kg/m2s, q = 225 kW/m2;

units of Tin are in ◦C.
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Figure B.19: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1000 kg/m2s, q = 230 kW/m2;

units of Tin are in ◦C.
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Figure B.20: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1000 kg/m2s, q = 235 kW/m2;

units of Tin are in ◦C.
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Figure B.21: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1000 kg/m2s, q = 240 kW/m2;

units of Tin are in ◦C.
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Figure B.22: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1000 kg/m2s, q = 245 kW/m2;

units of Tin are in ◦C.
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Figure B.23: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1000 kg/m2s, q = 250 kW/m2;

units of Tin are in ◦C.
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Figure B.24: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1000 kg/m2s, q = 260 kW/m2;

units of Tin are in ◦C.
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Figure B.25: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1500 kg/m2s, q = 380 kW/m2;

units of Tin are in ◦C.
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Figure B.26: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1500 kg/m2s, q = 380 kW/m2;

units of Tin are in ◦C.



APPENDIX B. COMPARISONS OF NUEXP WITH NUNHT 276

8 mm Test Section

0

500

1000

0

500

1000

0

500

1000

0

500

1000

250 300 350 400 450 500 550

0

500

1000

0

1

2

0

1

2

0

1

2

0

1

2

200 300 400 500 600

0

1

2

Figure B.27: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1500 kg/m2s, q = 400 kW/m2;

units of Tin are in ◦C.
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Figure B.28: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1500 kg/m2s, q = 410 kW/m2;

units of Tin are in ◦C.
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Figure B.29: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1500 kg/m2s, q = 420 kW/m2;

units of Tin are in ◦C.
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Figure B.30: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1500 kg/m2s, q = 430 kW/m2;

units of Tin are in ◦C.



APPENDIX B. COMPARISONS OF NUEXP WITH NUNHT 280

8 mm Test Section

0

1000

0

1000

0

1000

0

1000

250 300 350 400 450 500 550 600

0

1000

0

1

2

0

1

2

0

1

2

0

1

2

200 300 400 500 600 700

0

1

2

Figure B.31: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1500 kg/m2s, q = 440 kW/m2;

units of Tin are in ◦C.
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Figure B.32: Nuexp compared to NuNHT for P/Pc = 1.13, G = 1500 kg/m2s, q = 450 kW/m2;

units of Tin are in ◦C.
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Figure C.1: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 300 kg/m2s,

q = 15 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.2: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 300 kg/m2s,

q = 18 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.3: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 300 kg/m2s,

q = 20 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.4: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 400 kg/m2s,

q = 30 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.5: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 400 kg/m2s,

q = 33 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.6: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 400 kg/m2s,

q = 35 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.7: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 400 kg/m2s,

q = 38 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.8: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 500 kg/m2s,

q = 50 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.9: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 500 kg/m2s,

q = 53 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.10: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 500 kg/m2s,

q = 55 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.



APPENDIX C. BUOYANCY PARAMETER ESTIMATES 288

0

90

0

90

0

90

0

90

0

90

0

90

200 250 300 350 400 450

0

90

(a) Tw profiles

0

0.5

1
10

-4

0

0.5

1
10

-4

0

0.5

1
10

-4

0

0.5

1
10

-4

0

0.5

1
10

-4

0

0.5

1
10

-4

200 250 300 350 400 450
0

0.5

1
10

-4

(b) Bob profiles

0

0.1

0.2

0

0.1

0.2

0

0.1

0.2

0

0.1

0.2

0

0.1

0.2

0

0.1

0.2

200 250 300 350 400 450
0

0.1

0.2

(c) BobV P
profiles

Figure C.11: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 600 kg/m2s,

q = 75 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.12: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 600 kg/m2s,

q = 80 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.13: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 600 kg/m2s,

q = 83 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.14: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 600 kg/m2s,

q = 85 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.15: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 700 kg/m2s,

q = 90 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.16: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 700 kg/m2s,

q = 95 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.17: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 700 kg/m2s,

q = 100 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.18: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 700 kg/m2s,

q = 105 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.19: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 700 kg/m2s,

q = 110 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.20: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 700 kg/m2s,

q = 115 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.21: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 700 kg/m2s,

q = 120 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.

60

120
Tin =-0

60

120
Tin =4

60

120
Tin =5

60

120
Tin =8

60

120
Tin =14

60

120
Tin =22

200 250 300 350 400 450

60

120
Tin =26

hb [kJ/kg]

 

 

T
[o
C
]

Twexp

TwNHT

Tb

Tpc

hpc

(a) Tw profiles

0

1
x 10

−4

Tin= 0

0

1
x 10

−4

Tin= 4

0

1
x 10

−4

Tin= 5

0

1
x 10

−4

Tin= 8

0

1
x 10

−4

Tin= 14

0

1
x 10

−4

Tin= 22

200 250 300 350 400 450
0

1
x 10

−4

Tin= 26

hb [kJ/kg]

B
o b

(b) Bob profiles

0

0.1

0.2
Tin= 0

0

0.1

0.2
Tin= 4

0

0.1

0.2
Tin= 5

0

0.1

0.2
Tin= 8

0

0.1

0.2
Tin= 14

0

0.1

0.2
Tin= 22

200 250 300 350 400 450
0

0.1

0.2
Tin= 26

hb [kJ/kg]

B
o b

V
P

(c) BobV P
profiles

Figure C.22: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 700 kg/m2s,

q = 125 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.23: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 1000 kg/m2s,

q = 225 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.24: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 1000 kg/m2s,

q = 230 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.25: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 1000 kg/m2s,

q = 240 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.26: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 1000 kg/m2s,

q = 250 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.27: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 1000 kg/m2s,

q = 260 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.28: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 1000 kg/m2s,

q = 290 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.29: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 1500 kg/m2s,

q = 380 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.30: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 1500 kg/m2s,

q = 390 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.31: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 1500 kg/m2s,

q = 400 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.32: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 1500 kg/m2s,

q = 410 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.33: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 1500 kg/m2s,

q = 420 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.34: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 1500 kg/m2s,

q = 430 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.35: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 1500 kg/m2s,

q = 440 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.36: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 4.6 mm, G = 1500 kg/m2s,

q = 450 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.37: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 200 kg/m2s,

q = 3 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.38: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 200 kg/m2s,

q = 5 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.39: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 200 kg/m2s,

q = 8 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.40: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 200 kg/m2s,

q = 10 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.41: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 200 kg/m2s,

q = 15 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.42: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 300 kg/m2s,

q = 15 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.



APPENDIX C. BUOYANCY PARAMETER ESTIMATES 304

18
36
54
72 Tin= 4

18
36
54
72 Tin= 16

18
36
54
72 Tin= 20

18
36
54
72 Tin= 24

18
36
54
72 Tin= 31

18
36
54
72 Tin= 33

200 250 300 350

18
36
54
72 Tin= 35

hb [kJ/kg]

 

 

T
[o
C
]

Twexp

TwNHT

Tb

Tpc

hpc

(a) Tw profiles

0

1
x 10

−4

Tin= 4

0

1
x 10

−4

Tin= 16

0

1
x 10

−4

Tin= 20

0

1
x 10

−4

Tin= 24

0

1
x 10

−4

Tin= 31

0

1
x 10

−4

Tin= 33

200 250 300 350
0

1
x 10

−4

Tin= 35

hb [kJ/kg]

B
o b

(b) Bob profiles

0

0.1

0.2
Tin= 4

0

0.1

0.2
Tin= 16

0

0.1

0.2
Tin= 20

0

0.1

0.2
Tin= 24

0

0.1

0.2
Tin= 31

0

0.1

0.2
Tin= 33

200 250 300 350
0

0.1

0.2
Tin= 35

hb [kJ/kg]

B
o b

V
P

(c) BobV P
profiles

Figure C.43: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 300 kg/m2s,

q = 18 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.44: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 300 kg/m2s,

q = 20 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.45: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 400 kg/m2s,

q = 30 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.46: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 400 kg/m2s,

q = 33 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.47: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 400 kg/m2s,

q = 35 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.48: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 400 kg/m2s,

q = 40 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.49: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 500 kg/m2s,

q = 53 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.50: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 500 kg/m2s,

q = 55 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.51: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 500 kg/m2s,

q = 60 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.52: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 600 kg/m2s,

q = 65 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.53: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 600 kg/m2s,

q = 70 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.54: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 600 kg/m2s,

q = 73 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.55: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 600 kg/m2s,

q = 75 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.56: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 600 kg/m2s,

q = 78 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.57: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 600 kg/m2s,

q = 80 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.58: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 600 kg/m2s,

q = 83 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.59: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 600 kg/m2s,

q = 85 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.60: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 600 kg/m2s,

q = 90 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.61: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 700 kg/m2s,

q = 90 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.62: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 700 kg/m2s,

q = 95 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.63: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 700 kg/m2s,

q = 98 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.64: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 700 kg/m2s,

q = 100 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.65: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 700 kg/m2s,

q = 105 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.66: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 700 kg/m2s,

q = 110 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.67: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 700 kg/m2s,

q = 115 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.68: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 700 kg/m2s,

q = 120 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.69: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1000 kg/m2s,

q = 200 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.70: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1000 kg/m2s,

q = 210 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.



APPENDIX C. BUOYANCY PARAMETER ESTIMATES 318

10
64

118
172
226
280

10
64

118
172
226
280

10
64

118
172
226
280

10
64

118
172
226
280

10
64

118
172
226
280

10
64

118
172
226
280

250 300 350 400 450 500 550

10
64

118
172
226
280

(a) Tw profiles

0

0.5

1
10

-4

0

0.5

1
10

-4

0

0.5

1
10

-4

0

0.5

1
10

-4

0

0.5

1
10

-4

0

0.5

1
10

-4

250 300 350 400 450 500 550

0

0.5

1
10

-4

(b) Bob profiles

0

0.1

0.2

0

0.1

0.2

0

0.1

0.2

0

0.1

0.2

0

0.1

0.2

0

0.1

0.2

250 300 350 400 450 500 550

0

0.1

0.2

(c) BobV P
profiles

Figure C.71: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1000 kg/m2s,

q = 220 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.72: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1000 kg/m2s,

q = 225 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.73: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1000 kg/m2s,

q = 230 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.74: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1000 kg/m2s,

q = 235 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.75: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1000 kg/m2s,

q = 240 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.76: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1000 kg/m2s,

q = 245 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.



APPENDIX C. BUOYANCY PARAMETER ESTIMATES 321

20
90

160
230
300 Tin= 18

20
90

160
230
300 Tin= 20

20
90

160
230
300 Tin= 22

20
90

160
230
300 Tin= 27

20
90

160
230
300 Tin= 31

20
90

160
230
300 Tin= 34

250 300 350 400 450 500 550 600
20
90

160
230
300 Tin= 37

hb [kJ/kg]

 

 

T
[o
C
]

Twexp

TwNHT

Tb

Tpc

hpc

(a) Tw profiles

0

1
x 10

−4

Tin= 18

0

1
x 10

−4

Tin= 20

0

1
x 10

−4

Tin= 22

0

1
x 10

−4

Tin= 27

0

1
x 10

−4

Tin= 31

0

1
x 10

−4

Tin= 34

250 300 350 400 450 500 550 600
0

1
x 10

−4

Tin= 37

hb [kJ/kg]

B
o b

(b) Bob profiles

0

0.1

0.2
Tin= 18

0

0.1

0.2
Tin= 20

0

0.1

0.2
Tin= 22

0

0.1

0.2
Tin= 27

0

0.1

0.2
Tin= 31

0

0.1

0.2
Tin= 34

250 300 350 400 450 500 550 600
0

0.1

0.2
Tin= 37

hb [kJ/kg]

B
o b

V
P

(c) BobV P
profiles

Figure C.77: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1000 kg/m2s,

q = 250 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.78: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1000 kg/m2s,

q = 260 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.79: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1500 kg/m2s,

q = 380 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.80: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1500 kg/m2s,

q = 390 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.81: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1500 kg/m2s,

q = 400 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.82: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1500 kg/m2s,

q = 410 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.83: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1500 kg/m2s,

q = 420 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.84: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1500 kg/m2s,

q = 430 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.85: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1500 kg/m2s,

q = 440 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.86: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 8 mm, G = 1500 kg/m2s,

q = 450 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.87: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 200 kg/m2s,

q = 2 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.88: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 200 kg/m2s,

q = 3 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.89: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 200 kg/m2s,

q = 3.5 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.90: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 200 kg/m2s,

q = 4 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.91: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 200 kg/m2s,

q = 5 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.92: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 200 kg/m2s,

q = 10 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.93: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 300 kg/m2s,

q = 10 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.94: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 300 kg/m2s,

q = 13 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.95: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 300 kg/m2s,

q = 15 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.96: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 300 kg/m2s,

q = 20 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.97: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 400 kg/m2s,

q = 23 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.98: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 400 kg/m2s,

q = 25 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.



APPENDIX C. BUOYANCY PARAMETER ESTIMATES 332

20

65

110 Tin= 19

20

65

110 Tin= 21

20

65

110 Tin= 23

20

65

110 Tin= 25

20

65

110 Tin= 31

20

65

110 Tin= 33

260 280 300 320 340
20

65

110 Tin= 35

hb [kJ/kg]

 

 

T
[o
C
]

Twexp

TwNHT

Tb

Tpc

hpc

(a) Tw profiles

0

1
x 10

−4

Tin= 19

0

1
x 10

−4

Tin= 21

0

1
x 10

−4

Tin= 23

0

1
x 10

−4

Tin= 25

0

1
x 10

−4

Tin= 31

0

1
x 10

−4

Tin= 33

240 260 280 300 320 340
0

1
x 10

−4

Tin= 35

hb [kJ/kg]

B
o b

(b) Bob profiles

0

0.2

Tin= 19

0

0.2

Tin= 21

0

0.2

Tin= 23

0

0.2

Tin= 25

0

0.2

Tin= 31

0

0.2

Tin= 33

260 280 300 320 340
0

0.2

Tin= 35

hb [kJ/kg]

B
o b

V
P

(c) BobV P
profiles

Figure C.99: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 400 kg/m2s,

q = 28 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.100: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 400 kg/m2s,

q = 30 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.101: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 400 kg/m2s,

q = 35 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.102: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 500 kg/m2s,

q = 38 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.103: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 500 kg/m2s,

q = 40 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.104: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 500 kg/m2s,

q = 43 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.



APPENDIX C. BUOYANCY PARAMETER ESTIMATES 335

80

Tin= 13

80

Tin= 15

80

Tin= 21

80

Tin= 27

80

Tin= 29

80

Tin= 31

240 260 280 300 320

80

Tin= 33

hb [kJ/kg]

 

 

T
[o
C
]

Twexp

TwNHT

Tb

Tpc

hpc

(a) Tw profiles

0

1
x 10

−4

Tin= 13

0

1
x 10

−4

Tin= 15

0

1
x 10

−4

Tin= 21

0

1
x 10

−4

Tin= 27

0

1
x 10

−4

Tin= 29

0

1
x 10

−4

Tin= 31

220 240 260 280 300 320 340
0

1
x 10

−4

Tin= 33

hb [kJ/kg]

B
o b

(b) Bob profiles

0

0.2
Tin= 13

0

0.2
Tin= 15

0

0.2
Tin= 21

0

0.2
Tin= 27

0

0.2
Tin= 29

0

0.2
Tin= 31

240 260 280 300 320
0

0.2
Tin= 33

hb [kJ/kg]

B
o b

V
P

(c) BobV P
profiles

Figure C.105: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 500 kg/m2s,

q = 45 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.106: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 500 kg/m2s,

q = 48 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.107: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 500 kg/m2s,

q = 50 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.108: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 600 kg/m2s,

q = 55 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.109: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 600 kg/m2s,

q = 58 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.110: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 600 kg/m2s,

q = 60 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.111: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 600 kg/m2s,

q = 65 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.112: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 600 kg/m2s,

q = 70 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.113: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 700 kg/m2s,

q = 70 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.114: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 700 kg/m2s,

q = 75 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.115: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 700 kg/m2s,

q = 78 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.116: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 700 kg/m2s,

q = 80 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.117: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 700 kg/m2s,

q = 83 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.118: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 700 kg/m2s,

q = 85 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Figure C.119: Bob, BobV P
, and Tw profiles for P/Pc = 1.13, D = 22 mm, G = 700 kg/m2s,

q = 90 kW/m2; dashed red lines represent suggested thresholds; Tin is in ◦C.
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Table D.1: List of all measured conditions with severe HTD cases in red

D

[mm]

P/Pc

[ ]

G

[kg/m2s]

q

[kW/m2 ]

Tin

[◦C]

4.6 1.13 300 13 8, 10, 12, 16, 20, 24, 27, 30, 32, 35

4.6 1.13 300 15 0, 6, 8, 10, 12, 16, 20, 24, 27, 30, 32, 35

4.6 1.13 300 18 0, 6, 8, 10, 12, 16, 20, 24, 27, 30, 32, 35

4.6 1.13 300 20 0, 6, 8, 10, 12, 16, 20, 24, 27, 30, 32, 35

4.6 1.13 400 30 0, 4, 7, 11, 15, 17, 20, 22, 24, 26, 30, 35

4.6 1.13 400 33 0, 4, 7, 11, 15, 17, 20, 22, 24, 26, 30, 35

4.6 1.13 400 35 0, 4, 7, 11, 15, 17, 20, 22, 24, 26, 30, 35

4.6 1.13 400 38 7, 12, 15, 17, 20, 22, 24, 26, 30, 35

4.6 1.13 400 40 7, 11, 15, 17, 20, 22, 24, 26, 30, 35

4.6 1.13 500 45 -1, 3, 5, 9, 12, 14, 18, 20, 23, 25, 31, 35

4.6 1.13 500 48 -1, 3, 5, 9, 12, 14, 18, 20, 23, 25, 31, 35

4.6 1.13 500 50 -1, 3, 5, 9, 12, 14, 18, 20, 23, 25, 31, 35

4.6 1.13 500 53 -1, 3, 5, 9, 12, 14, 18, 20, 23, 25, 31, 35

4.6 1.13 500 55 0, 4, 5, 9, 12, 14, 18, 20, 23, 25, 31, 35

4.6 1.13 600 75
-1, 4, 7, 10, 12, 14, 16, 18, 20, 22, 24, 26, 30,

35

4.6 1.13 600 80
-1, 4, 7, 11, 12, 14, 16, 18, 21, 22, 24, 26, 30,

35

4.6 1.13 600 83
-1, 4, 7, 11, 13, 14, 16, 18, 21, 23, 24, 26, 30,

35

4.6 1.13 600 85
-1, 4, 7, 11, 12, 14, 16, 18, 21, 22, 24, 26, 30,

35

4.6 1.13 700 90 5, 10, 19, 25, 30, 35

4.6 1.13 700 95 5, 10, 19, 25, 30, 35

4.6 1.13 700 100 5, 10, 19, 25, 30, 35

4.6 1.13 700 105 5,10, 20, 25, 30, 35
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Table D.1: List of all measured conditions with severe HTD cases in red (Cont’d)

D

[mm]

P/Pc

[ ]

G

[kg/m2s]

q

[kW/m2 ]

Tin

[◦C]

4.6 1.13 700 110 -1, 3, 4, 5, 8, 11, 14, 18, 22, 26, 34

4.6 1.13 700 115 -1, 3, 4, 5, 8, 11, 14, 18, 22, 26, 34

4.6 1.13 700 120 0, 3, 4, 5, 8, 11, 14, 18, 22, 26, 34

4.6 1.13 700 125 0, 4, 5, 8, 11, 14, 18, 22, 26

4.6 1.13 1000 225 1, 3, 6, 15, 20, 23, 29, 35

4.6 1.13 1000 230 1, 3, 6, 15, 19, 23, 29, 35

4.6 1.13 1000 240 1, 3, 6, 15, 19, 23, 29, 35

4.6 1.13 1000 245 1, 3, 6, 15, 19, 23, 29, 35

4.6 1.13 1000 250 1, 3, 6, 15, 19, 23, 29, 34

4.6 1.13 1000 260 1, 3, 6, 15, 19, 23, 28

4.6 1.13 1500 380 4, 10, 15, 20, 25, 30

4.6 1.13 1500 390 4, 10, 15, 20, 25, 30

4.6 1.13 1500 400 5, 10, 15, 20, 25, 30

4.6 1.13 1500 410 5, 10, 15, 20, 25, 30

4.6 1.13 1500 420 5, 10, 15, 20, 25, 30

4.6 1.13 1500 430 5, 10, 15, 20, 25, 30

4.6 1.13 1500 440 5, 10, 15, 20, 25, 30

4.6 1.13 1500 450 5, 10, 15, 20, 25, 30

8 1.13 200 3 16, 18, 20, 22, 24, 26, 28, 30, 32, 34, 36, 38

8 1.13 200 5 16, 18, 20, 22, 24, 26, 28, 30, 32, 34, 36, 37

8 1.13 200 8 16, 18, 20, 22, 24, 26, 28, 30, 32, 34, 36, 38

8 1.13 200 10 16, 18, 20, 22, 24, 26, 28, 30, 32, 34, 36, 38

8 1.13 200 15 16, 18, 20, 22, 24, 26, 28, 30, 32, 34, 36, 38

8 1.13 300 10 4, 8, 11, 14, 16, 18, 20, 22, 24, 28, 31, 33, 35

8 1.13 300 13 14, 16, 18, 20, 22, 24, 28, 31, 33, 35
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Table D.1: List of all measured conditions with severe HTD cases in red (Cont’d)

D

[mm]

P/Pc

[ ]

G

[kg/m2s]

q

[kW/m2 ]

Tin

[◦C]

8 1.13 300 15 4, 15, 16, 18, 20, 22, 24, 28, 31, 33, 35

8 1.13 300 18 4, 8, 11, 15, 16, 18, 20, 22, 24, 28, 31, 33, 35

8 1.13 300 20 4, 8, 11, 15, 16, 18, 20, 22, 24, 28, 31, 33, 35

8 1.13 400 25 8, 9, 11, 13, 15, 17, 19, 21, 23, 26, 28, 31

8 1.13 400 30
6, 9, 11, 13, 15, 18, 19, 21, 23, 25, 26, 27,

28, 31, 33

8 1.13 400 33
7, 9, 11, 13, 15, 18, 19, 21, 23, 25, 26, 27,

28, 29, 31, 33

8 1.13 400 35
7, 9, 11, 13, 15, 18, 19, 21, 23, 25, 26, 27,

28, 29, 31, 33

8 1.13 400 40
10, 11, 13, 15, 17, 19, 21, 23, 26, 28, 31, 33,

34

8 1.13 500 50
5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27, 29,

31

8 1.13 500 53
5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27, 29,

31

8 1.13 500 55
5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27, 29,

31

8 1.13 500 60
5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27, 29,

31

8 1.13 600 65 5, 9, 12, 15, 20, 25, 30

8 1.13 600 70 5, 9, 12, 15, 20, 25, 30

8 1.13 600 73 5, 9, 12, 15, 20, 25, 30

8 1.13 600 75 5, 9, 12, 15, 20, 25, 30

8 1.13 600 78 5, 9, 12, 15, 20, 25, 30

8 1.13 600 80 4, 6, 8, 10, 12, 14, 16, 18, 20
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Table D.1: List of all measured conditions with severe HTD cases in red (Cont’d)

D

[mm]

P/Pc

[ ]

G

[kg/m2s]

q

[kW/m2 ]

Tin

[◦C]

8 1.13 600 83 4, 6, 8, 10, 12, 14, 16, 18, 20

8 1.13 600 85 4, 6, 8, 10, 12, 14, 16, 18, 20

8 1.13 600 90 4, 6, 8, 10, 12, 14, 17, 18, 20

8 1.13 700 90 3, 5, 10, 15, 20, 25, 30

8 1.13 700 95 3, 5, 10, 15, 20, 25, 30

8 1.13 700 98 3, 5, 10, 15, 20, 25, 30

8 1.13 700 100 2, 5, 8, 10, 12, 14, 17, 20, 25, 29, 34

8 1.13 700 105 2, 6, 8, 10, 12, 14, 17, 20, 25, 29, 34

8 1.13 700 110 2, 6, 8, 10, 12, 14, 17, 20, 25, 29, 34

8 1.13 700 115 3, 6, 8, 10, 12, 14, 17, 20, 25, 29, 34

8 1.13 700 120 2, 6, 8, 11, 12, 14, 17, 20, 25, 29, 34

8 1.13 1000 200 4, 8, 12, 17, 22, 25, 30, 35

8 1.13 1000 210 5, 8, 12, 17, 22, 25, 30, 35

8 1.13 1000 220 8, 12, 17, 22, 25, 30, 35

8 1.13 1000 225 8, 12, 17, 22, 25, 30, 35

8 1.13 1000 230 8, 12, 17, 22, 25, 30, 35

8 1.13 1000 235
4, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 29,

31, 33, 34, 37

8 1.13 1000 240
5, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 29,

31, 33, 34, 37

8 1.13 1000 245
6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 27, 29,

31, 33, 34, 37

8 1.13 1000 250
6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 27, 29,

31, 33, 34, 37
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Table D.1: List of all measured conditions with severe HTD cases in red (Cont’d)

D

[mm]

P/Pc

[ ]

G

[kg/m2s]

q

[kW/m2 ]

Tin

[◦C]

8 1.13 1000 260
7, 8, 10, 12, 14, 16, 19, 21, 23, 25, 27, 29,

31, 32, 34, 37

8 1.13 1500 380 8, 20, 25, 30, 35

8 1.13 1500 390 10, 20, 25, 30, 35

8 1.13 1500 400 11, 21, 25, 30, 35

8 1.13 1500 410 13, 21, 25, 30, 35

8 1.13 1500 420 13, 22, 25, 31, 35

8 1.13 1500 430 14, 23, 25, 30, 35

8 1.13 1500 440 16, 24, 26, 30, 35

8 1.13 1500 450 17, 24, 26, 30, 35

22 1.13 200 2
3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 31, 33, 35, 36

22 1.13 200 3
1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25,

27, 29, 31, 33, 35, 36

22 1.13 200 3.5
1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25,

27, 29, 31, 33, 35

22 1.13 200 4
1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25,

27, 29, 31, 33, 35, 36

22 1.13 200 5
3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 31, 33, 35, 36

22 1.13 200 10
3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 31, 33, 35, 36, 37

22 1.13 300 10
1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25,

27, 29, 31, 33, 35, 36

22 1.13 300 13
1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25,

27, 29, 31, 33, 35, 36
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Table D.1: List of all measured conditions with severe HTD cases in red (Cont’d)

D

[mm]

P/Pc

[ ]

G

[kg/m2s]

q

[kW/m2 ]

Tin

[◦C]

22 1.13 300 15
1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25,

27, 29, 31, 33, 35, 36

22 1.13 300 20
1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25,

27, 29, 31, 33, 35, 36, 37

22 1.13 400 20
13, 15, 17, 19, 21, 23, 25, 27, 29, 31, 33, 35,

36

22 1.13 400 23
11, 13, 15, 17, 19, 21, 23, 25, 27, 29, 31, 33,

35

22 1.13 400 25
-2, 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25,

27, 29, 31, 33, 35, 36

22 1.13 400 28
-2, 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25,

27, 29, 31, 33, 35

22 1.13 400 30
-2, 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25,

27, 29, 31, 33, 35, 36

22 1.13 400 35
-2, 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25,

27, 29, 31, 33, 35, 36

22 1.13 500 35 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27

22 1.13 500 38
3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 31, 33

22 1.13 500 40
3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 31, 33

22 1.13 500 43
2, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 31, 33

22 1.13 500 45
2, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 31, 33
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Table D.1: List of all measured conditions with severe HTD cases in red (Cont’d)

D

[mm]

P/Pc

[ ]

G

[kg/m2s]

q

[kW/m2 ]

Tin

[◦C]

22 1.13 500 48
2, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 31, 33

22 1.13 500 50
2, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 31, 33

22 1.13 600 55
3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 32

22 1.13 600 58
3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 32

22 1.13 600 60
3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29

22 1.13 600 65
3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 32

22 1.13 600 70
4, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 33

22 1.13 700 70
2, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 31, 33, 35

22 1.13 700 73
2, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 31, 33, 35

22 1.13 700 75
3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 31, 33, 35

22 1.13 700 78
5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27, 29,

31

22 1.13 700 80
4, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 31

22 1.13 700 83
4, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 31
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Table D.1: List of all measured conditions with severe HTD cases in red (Cont’d)

D

[mm]

P/Pc

[ ]

G

[kg/m2s]

q

[kW/m2 ]

Tin

[◦C]

22 1.13 700 85
4, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,

29, 31

22 1.13 700 90
5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27, 29,

31
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In section 5.4.2, we compared the measured local wall temperature Tw and a hypothetical

wall temperature TwNHT that was computed with the use of Equation (5.5), which was our

chosen correlation NuNHT for normal heat transfer. However, the properties ρw and Cp as

well as the exponent n (Equation 5.2) on the right side of this equation depend on the value

of wall temperature and it is not possible to solve this equation analytically for TwNHT .

For this reason, we estimated TwNHT with the use of an iterative method, programmed in

Matlab R⃝. The main steps were as follows.

1. Equation (5.5) was separated into a left side and a right side:

LS =
qD

kb(Tw − Tb)
, (E.1)

RS = NuDB

(
ρw
ρb

)0.3(
Cp

Cpb

)n

. (E.2)

2. A convergence threshold CT for the calculation of NuNHT was chosen by trial and

error. This was the smallest value that ensured convergence for all data points for each

profile tested and was approximately equal to 10% of the corresponding maximum

experimental value Nuexp. As a result, cases with higher mass fluxes required larger

values of CT.

3. A data point with specified values of D,P, q,G and Tb was chosen. Tpc was calculated

from NIST tables. The value of the correlation NuDB (Dittus and Boelter, 1930) was

calculated from Equation (5.1); this only requires the values of properties at Tb.

4. A starting value of wall temperature was set as equal to Tb+ 1 ◦C. We avoided choosing

a larger starting value to ensure convergence of the iteration.

5. The values of LS and RS were calculated. The iteration was terminated if

|LS− RS| ≤ CT . (E.3)

If this was not the case, the value of wall temperature was incremented by ∆T =

0.1 ◦C and this step was repeated until convergence was achieved. This choice of ∆T

was found to be optimal, as smaller increments did not result in visible changes of the

calculated values, whereas larger increments reduced the accuracy of the solution.
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6. Once convergence was reached, the desired value TwNHT was calculated as

TwNHT
=

qD

kbRS
+ Tb , (E.4)

because it was found that, when LS was used instead of RS in this expression, the

predictions were offset from the experimental values by approximately 10%.

Previous researchers have noted that iterative calculations of wall temperature from su-

percritical heat transfer correlations may, under certain conditions, produce multiple values,

which depend on the starting point. We have not encountered such problems for the present

set of conditions.
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