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SUMMARY

Energy shortage and energy related environmental problems are urgent issues
to be addressed in the coming years. Low-grade heat is utilized to drive energy
conversion cycle and to produce electricity, which is a renewable and sustainable
approach to energy supply. These thermodynamic cycles for energy conversion
require eco-friendly working fluids and highly efficient heat transfer processes.
NH3 is a natural refrigerant with superior thermal properties such as large la-
tent heat and high thermal conductivity. However, the application of NH3 is re-
strained due to safety issues. Plate heat exchangers have the potential to be used
in the thermal facility of NH3 for the recovery of low-grade heat. These compact
structures are able to transfer large heat loads with reduced charge of working
fluid, thereby mitigating the safety risk. For instance, the Organic Rankine Cycles
of NH3 equipped with plate heat exchangers have smaller sizes compared with
the plants filled with other refrigerants. Furthermore, plate heat exchangers have
the advantage of design flexibility and easy maintenance for highly efficient heat
transfer, bringing about wide utilization in refrigeration, pharmacy and chemical
engineering.

In this thesis, NH3 condensation is experimentally and theoretically inves-
tigated in plate heat exchangers. The main aim is to provide design methods
of compact plate condensers used in the thermal facility of NH3, which are not
available in open literature. The experiments of NH3 condensation have been re-
ported, but no design method is provided. The heat transfer and frictional pres-
sure drop correlations of hydrofluorocarbons (HFCs), hydrocarbons (HCs) and
hydrofluoroolefins (HFOs) are assessed making use of an experimental database.
Most suitable correlations are recommended.

In Chapter 1, the geometric characteristics of plate heat exchangers are spec-
ified. The channel parameters mainly include chevron angles, area enlargement
factors and hydraulic diameters. The corrugated channels of plate heat exchang-
ers bring new research challenges. This thesis approaches scientific problems
using experimental and theoretical methodology. Experiments of NH3 conden-
sation are conducted including flow patterns, heat transfer and frictional pres-
sure drop. The results for other working fluids are referred to for the analysis of
NH3. The flow patterns of air/water show that film flow covers large ranges of
mass fluxes and vapor qualities. The heat transfer and frictional pressure drop
correlations of HFCs, HCs and HFOs are mainly divided into homogeneous flow
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2 SUMMARY

correlations and separated flow correlations. The condensation of NH3 takes
place as separated flow. The heat transfer and frictional pressure drop correla-
tions of NH3 are derived from the experimental data. These mechanistic models
identify the transition of flow patterns.

The non-dimensional numbers quantifying two-phase flow and condensa-
tion are listed in Chapter 2. The condensation mechanisms are divided into
gravity-controlled condensation and convective condensation. The transition is
primarily determined by mass fluxes and vapor qualities, as well as fluid proper-
ties. Condensation pressures, inlet superheating, plate geometries and temper-
ature driving forces have relatively small influences on the transition. The sensi-
tivity of heat transfer coefficients to mass fluxes depends on condensation mech-
anisms, while frictional pressure drops are almost independent of condensation
mechanisms. The flow patterns of air-water are characterized and are integrated
into maps using non-dimensional numbers. The flow pattern map based on the
liquid Reynolds number, ReL, versus the non-dimensional gas velocity, JG/Λ0.5,
well describes the transition of flow patterns.

In Chapter 3, heat transfer and frictional pressure drop correlations are sum-
marized for condensation in PHEs. An experimental database is built including
HFCs, HCs, HFOs and CO2. The mass fluxes are in the range of 2-150 kgm−2s−1.
The chevron angles and hydraulic diameters have values of 25.7°-70° and 3.23-
8.08 mm, respectively. The saturated temperatures are within the scope of -34.4
to 72.1 °C, while the reduced pressures are from 0.03 to 0.49. Eight heat transfer
correlations are assessed with this experimental database. Applicable correla-
tions are selected. Six frictional pressure drop correlations are compared with
the database, and the prediction is relatively poor. A new correlation is devel-
oped using multi-variable regression analysis with non-dimensional numbers.
This new correlation predicts 87.5% of the experimental data within ±50%.

The experimental setup and the methods of data reduction are described in
Chapter 4. The thermodynamic cycles, measurement instrumentations and test
section are specified. The calculations of the heat transfer coefficients and fric-
tional pressure drop are presented.

In Chapter 5, the experimental results of NH3 condensation are presented,
including flow patterns, heat transfer coefficients and frictional pressure drop.
Visualization experiments were conducted between 20 and 100 kgm−2s−1, ob-
serving full film flow and partial film flow. The flow patterns are the phenomeno-
logical reasons of the condensation mechanisms. The heat transfer and fric-
tional pressure drop experiments range the mass fluxes of 21-78 kgm−2s−1, the
averaged vapor qualities of 0.05-0.65 and the saturated pressure of 630 to 930
kPa. Higher vapor qualities remarkably increase the heat transfer coefficients
and frictional pressure drop. Larger mass fluxes significantly contribute to fric-
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tional pressure drop and moderately enhance heat transfer. The effect of satu-
rated pressure on frictional pressure drop is minor. The experimental data are
compared with the correlations recommended in Chapter 3, but the agreement
is poor. New predictive models need to be developed for NH3 condensation in
PHEs.

In Chapter 6, predictive models for NH3 condensation are developed includ-
ing heat transfer and frictional pressure drop. The models make use of the ex-
perimental results presented in Chapter 5. The heat transfer model identifies the
transition from full film flow to partial film flow, which represents the transition
between condensation mechanisms. The physical interpretation of the model
is discussed. The transition criterion accounts for the wetting characteristics. A
modified Lockhart-Martinelli model is proposed for the frictional pressure drop,
which shows separated flow characteristics. The model adds up the liquid pres-
sure drop, vapor pressure drop and interface pressure drop. The proposed heat
transfer and frictional pressure drop models show good predictive performances.
NH3 flow has non-negligible two-phase slip because of the large density ratio.
Plate heat exchangers have corrugated channels and tend to break up the liq-
uid film. These distinct flow characteristics are shown by flow patterns and are
identified by the predictive models.

Conclusions are listed in Chapter 7. The experimental data of NH3 condensa-
tion in plate heat exchangers are collected including flow patterns, heat transfer
coefficients and frictional pressure drop. Heat transfer and frictional pressure
drop models are consequently developed. Results for HFCs, HCs and HFOs are
obtained by comparing several correlations with the experimental database in
literature. Because NH3 has larger two-phase density ratio than most HFCs, HCs
and HFOs, separated flow models are proposed for NH3, while homogeneous
flow models are suggested for other working fluids. Recommendations are made
to develop widely applicable predictive methods for various working fluids and
operating conditions.





SAMENVATTING

De uitdagingen die energie-gerelateerde milieuproblemen met zich meebrengen
worden steeds groter. Restwarmte is een herbruikbare energiebron en biedt een
duurzame oplossing voor de energievraag. In de thermodynamische cyclus, die
gebruikt wordt voor het omzetten van restwarmte in bruikbare energie, vereist
milieuvriendelijke werkmedia en efficiënte warmteoverdrachtsprocessen. Am-
moniak (NH3) is een natuurlijk koelmiddel met uitstekende thermische eigen-
schappen, zoals hoge thermische geleidbaarheid. De toepasbaarheid van NH3

is echter beperkt vanwege veiligheidsrisico’s. Platenwarmtewisselaars kunnen
in de thermische faciliteit van NH3 worden gebruikt voor het omzetten van rest-
warmte naar elektriciteit. Deze compacte apparaten zijn met een kleine hoeveel-
heid van het werkmedium in staat om veel warmte over te brengen. Zo wordt het
veiligheidsrisico verminderd. De Organic Rankine Cycles van NH3, die zijn uit-
gerust met platenwarmtewisselaars, zijn kleiner van formaat in vergelijking met
de installaties waarin andere koelmiddelen worden gebruikt. Bovendien heb-
ben platenwarmtewisselaars het voordeel dat ze veel ontwerpflexibiliteit hebben
en dat ze eenvoudig te onderhouden zijn om de warmteoverdracht zo efficiënte
mogelijk te houden. Door deze voordelen worden platenwarmtewisselaars veel
gebruikt voor koeling, en in de chemische en farmaceutische industrie.

In dit proefschrift wordt de condensatie van NH3 in platenwarmtewisselaars
onderzocht, zowel experimenteel als theoretisch. Het belangrijkste doel is om
ontwerpmethoden aan te dragen voor compacte plaatcondensatoren die kun-
nen worden gebruikt in de thermische faciliteit van NH3 en die niet beschik-
baar zijn in openbare literatuur. Correlaties van warmteoverdracht en drukver-
lies door wrijving van HFCs, HCs en HFOs worden beoordeeld aan de hand van
een experimentele database.

In Hoofdstuk 1 worden de kenmerken van platenwarmtewisselaars gespeci-
ficeerd. De belangrijkste parameters zijn de ‘chevron’ hoeken, oppervlakte ver-
groting en hydraulische diameters. De gegolfde vorm van de kanalen in pla-
tenwarmtewisselaars brengt nieuwe uitdagingen met zich mee. In dit proef-
schrift worden deze uitdagingen zowel theoretisch als experimenteel aangepakt.
Met experimenten worden stromingspatronen, warmteoverdracht en drukver-
lies door wrijving geanalyseerd van NH3-condensatie. Voor de analyse van NH3

wordt verwezen naar de resultaten van andere werkvloeistoffen. De stromings-
patronen van luchtwatermengsels laten zien dat filmstroming een groot gebied
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6 SAMENVATTING

dekt van de massafluxen en dampkwaliteiten. De warmteoverdracht en de druk-
verlies door wrijving correlaties van HFCs, HCs en HFOs kunnen worden ver-
deeld in correlaties voor homogene stromingen en gescheiden stromingen. Tij-
dens de condensatie van NH3 is er een gescheiden stroming. De correlaties tus-
sen warmteoverdracht en drukverlies door wrijving van NH3 worden bepaald
aan de hand van experimentele data. Deze modellen beschrijven de overgang
tussen de stromingspatronen.

In Hoofdstuk 2 wordt een overzicht gemaakt van de dimensieloze getallen
waarmee twee-fase stromingen en condensatie beschreven kunnen worden. De
manier waarop condensatie plaatsvindt, is onderverdeeld in de door zwaarte-
kracht gestuurde condensatie en condensatie door convectie. De overgang hier-
tussen wordt voornamelijk bepaald door de massaflux, de dampfractie, en de ei-
genschappen van het vloeistof. De condensatiedruk, inlaatoververhitting, plaat-
geometrie en temperatuurverschillen hebben een relatief kleine invloed op de
overgang. De overgang heeft voornamelijk invloed op de warmteoverdrachts-
coëfficiënten, maar heeft weinig invloed op de drukverliezen door wrijving. De
stromingspatronen van luchtwatermengsels wordt gekarakteriseerd door dimen-
sieloze getallen. Het spectrum van stromingsvormen gebaseerd op de Reynolds
nummer van vloeistof, ReL, versus de dimensie-loos damp snelheid, JG/Λ0.5, re-
produceert de resultaten van de verschillend onderzoeken beter dan de andere
spectra.

In Hoofdstuk 3 worden de correlaties van de warmteoverdracht en wrijvings-
drukval voor condensatie in platenwarmtewisselaars samengevat. Er wordt een
experimentele database opgebouwd met data voor HFCs, HCs, HFOs en CO2.
De massaflux ligt tussen 2 en 150 kgm−2s−1. De ‘chevron’ hoeken en hydrau-
lische diameters liggen respectievelijk tussen 25.7° en 70° en 3.23 en 8.08 mm.
De verzadigde temperatuur ligt tussen -34.4 en 72.1 °C, en de gereduceerde druk
tussen 0.03 en 0.49. Acht warmteoverdracht correlaties worden vergeleken aan
de hand van de database en de meest geschikte worden geselecteerd. Zes corre-
laties van wrijvingsdrukverlies worden vergeleken met de database en de voor-
spelling is relatief slecht. Er wordt een nieuwe correlatie ontwikkeld met behulp
van een multivariabele regressieanalyse met dimensieloze getallen. Deze nieuwe
correlatie voorspelt 87.5% van de experimentele gegevens binnen een marge van
±50%.

De experimentele opzet en de methoden van datareductie worden beschre-
ven in hoofdstuk 4. De thermodynamische cycli, de meetinstrumenten en het
testgedeelte worden gespecificeerd. De berekeningen van de warmteoverdrachts-
coëfficiënten en de wrijvingsdrukval worden gepresenteerd.

In hoofdstuk 5 worden de experimentele resultaten van NH3 condensatie ge-
presenteerd, inclusief stromingspatronen, warmteoverdrachtscoëfficiënten en w-
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rijvingsdrukval. Visualisatie-experimenten werden uitgevoerd tussen 20 en 100
kgm−2s−1, met het observeren van volledige filmstroom en gedeeltelijke film-
stroom. De stromingspatronen zijn de fenomenologische gevolgen van de con-
densatiemechanismen. De warmteoverdracht en wrijvingsdrukexperimenten va-
riëren van de massastromen van 21-78 kgm−2s−1, met de gemiddelde dampkwa-
liteit van 0.05-0.65 en de verzadigde druk van 630 tot 930 kPa. Hogere dampkwa-
liteiten verhogen opmerkelijk de warmteoverdrachtscoëfficiënten en de wrijvings-
drukval. Grotere massafluxen dragen aanzienlijk bij aan de wrijvingsdrukval en
verbeteren de warmteoverdracht matig. Daarbij is het effect van verzadigde druk
op de wrijvingsdrukval is gering. De experimentele gegevens worden vergeleken
met de correlaties die worden aanbevolen in hoofdstuk 3, maar, de overeenkom-
sten zijn slecht. Er moeten nieuwe voorspellende modellen worden ontwikkeld
voor de NH3 condensatie in PHE’s.

In hoofdstuk 6 worden voorspellende modellen ontwikkeld voor de conden-
satie in PHE’s, inclusief warmteoverdracht en wrijvingsdrukverlies. De model-
len maken gebruik van de experimentele resultaten in hoofdstuk 5. Het warm-
teoverdrachtmodel identificeert de overgang van volledige filmstroom naar ge-
deeltelijke filmstroom, die de overgang tussen condensatiemechanismen weer-
geeft. De fysieke interpretatie van het model wordt behandeld. Het overgangscri-
terium is verantwoordelijk voor de bevochtigingseigenschappen. Voor de wrij-
vingsdrukval wordt een aangepast Lockhart-Martinelli-model voorgesteld en dat
gescheiden stromingskarakteristieken vertoont. Het model telt de vloeistofdruk-
val, de dampdrukval en de interfacedrukval op. De voorgestelde modellen voor
warmteoverdracht en wrijvingsdrukverlies vertonen goede voorspellende pres-
taties. NH3 flow heeft een niet te verwaarlozen twee-fasen slip vanwege de grote
dichtheidsverhouding. Platenwarmtewisselaars hebben golfkanalen en hebben
de neiging om de vloeistoffilm te breken. Deze verschillende stromingskarak-
teristieken worden getoond door stromingspatronen en worden geïdentificeerd
door de voorspellende modellen.

De conclusies staan vermeld in hoofdstuk 7. De experimentele gegevens van
NH3 condensatie in platenwarmtewisselaars worden verzameld inclusief stro-
mingspatronen, warmteoverdrachtscoëfficiënten en wrijvingsdrukverlies. De mo-
dellen voor warmteoverdracht en wrijvingsdrukverlies zijn dan hierbij ook ont-
wikkeld. De resultaten voor HFCs, HCs en HFOs worden verkregen door verschil-
lende correlaties te vergelijken met de experimentele database in de literatuur.
Omdat NH3 een grotere tweefasige dichtheidsverhouding heeft dan de meeste
HFCs, HCs en HFOs, en worden deze gescheiden stromingsmodellen voorge-
steld voor NH3, terwijl homogene stromingsmodellen worden gesuggereerd voor
andere werkende vloeistoffen. Aanbevelingen worden gedaan om breed toepas-
bare voorspellende methoden te ontwikkelen voor verschillende werkvloeistof-
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fen en bedrijfsomstandigheden.



NOMENCLATURE

Symbols

A Actual heat transfer area [m2]

Af Flow passage area [m2]

â Corrugation amplitute [m]

cp Specific heat capacity [Jkg−1K−1]

d Diameter [m]

de Equivalent diameter [m]

dg Channel gap [m]

dh Hydraulic diameter [m]

dp Plate thickness [m]

f Fanning friction factor [-]

fD Darcy friction factor [-]

g Gravitational constant [ms−2]

G Mass flux [kgm−2s−1]

h Enthalpy [Jkg−1]

ki Parameters defined in Eq. 3.60 [-]

K E/V Kinetic energy per unit of volume [Jm−3]

L Overall plate length [m]

Lp Port-to-port plate length [m]

ṁ Mass flow rate [kgs−1]

mi Parameters defined in Eq. 3.60 [-]

9
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ni Parameters defined in Eq. 3.60 [-]

p Corrugation pitch [m]

pcp Compressed plate pitch [m]

P Pressure [Pa]

Q̇ Heat flow rate [W]

q̇ Heat flux [Wm−2]

T Temperature [K]

U Overall heat transfer coefficient [Wm−2K−1]

u Superficial velocity [ms−1]

V̇ Volume flow rate [m3s−1]

v Specific volume [m3kg−1]

W Overall plate width [m]

Wp In gasket plate width [m]

x Vapor quality [-]

Dimensionless Numbers

Bd Bond number [-]

Bo Boiling number [-]

Co Convection number [-]

Con Confinement number [-]

Eö Eötvös number [-]

F r Froude number [-]

Ga Galileo number [-]

Ja Jakob number [-]

JG Non-dimensional gas velocity [-]
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Nu Nusselt number [-]

Pr Prandtl number [-]

Re Reynolds number [-]

Rv Gas to liquid volume ratio [-]

W e Weber number [-]

X Lockhart-Martinelli parameter [-]

Greek letters

α Heat transfer coefficient [Wm−2K−1]

β Chevron angle to flow direction [°]

βflow Chevron angle perpendicular to flow direction [°]

γ Corrugation aspect ratio [-]

∆ Difference [-]

δ Surface roughness [m]

ε Void fraction [-]

Θ Fraction of convective condensation [-]

Θi Parameters defined in Eqs. 3.60 and 4.1 [-]

φ Surface enlargement factor [-]

φL Two-phase friction multiplier [-]

ζ Parameter defined in Eq. 3.58 [-]

κi Parameters defined in Eqs. 2.32 and 2.36 [-]

λ Thermal conductivity [Wm−1K−1]

Λ Property modifying factor [-]

Λwave Corrugation wavelength [m]

Ω Wave number [-]
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µ Dynamic viscosity [Pas]

ξ Parameter defined in Eq. 4.19 [-]

ρ Density [kgm−3]

σ Surface tension [Nm−1]

Subscripts

0 Basic

a Ammonia

after After cooler

air Air

av Averaged

c Combined or transitional condensation

cc Convective condensation

com Combined value

cr Critical conditions

cw Cold water

de Deceleration

ele Elevation

eq Equivalent

exp Experimental data

fri Frictional pressure drop

G Gas or vapor

GO Gas or vapor only

gc Gravity-controlled condensation

high High limit
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homo Homogeneous flow

hw Hot water

in Inlet of test section

int At two-phase interface

L Liquid

LG Latent liquid to vapor

ll Laminar-laminar flow

LO Liquid only

LTi Limits in Eqs. 6.4-6.5

low Low limit

max The maximum value

mea Measurement

mix Mixture or mixing process

mod Modified

ori Orifice

out Outlet of test section

p Plate or effective plate area

port Port of test section

pre Predicted data

pure Pure fluid

sat At saturation conditions

sup Superheating

test Test section

TP Two-phase

T Transition value
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tt Turbulent-turbulent flow

tube Connection tube

w Water

wall At wall conditions

Abbreviations

BPHE Brazed plate heat exchanger

EPDM Ethylene Propylene Diene Monomer

GPHE Gasketed plate heat exchanger

HC Hydrocarbon

HFC Hydrofluorocarbons

HFO Hydrofluoroolefins

HTC Heat transfer coefficient

L&M Lockhart and Martinelli model

LNG Liquefied Natural Gas

MAE Mean absolute error

ME Mean error

M-S&H Müller-Steinhagen and Heck model

ORC Organic Rankine Cycle

PHE Plate heat exchanger

SPHE Shell and plate heat exchanger

PC Polycarbonate

PETG Terephthalate glycol

PMMA Polymethylmethacrylaat

PS Polystyrene

PVC Polyvinylchloride

RMSE Root mean squared error



1
INTRODUCTION

In the recent decades, the utilization of low grade heat attracts increasing inter-
est given its enormous amount and easy availability [1, 2]. The main resources
include solar energy, geothermal energy, the cold energy of LNG, waste heat of in-
dustry and the thermal energy of seawater (temperature difference between warm
surface seawater and cold deep seawater). The conversion of low grade heat to
shaft power can be realized by Organic Rankine Cycles (ORCs) or Kalina Cycles,
and is usually implemented in large plants to improve the financial return [3–7].
Limited by the small driving temperature difference, large amount of heat needs
to be transferred, which requires highly efficient heat exchangers and large charge
of working fluid. The heat exchanger effectiveness dominates the overall cycle ef-
ficiency. Compact heat exchangers are needed in the cycle [8]. Kirkenier [9] inves-
tigated the application of plate heat exchangers in ORC plants and confirmed the
promising performance.

Parts of this Chapter are adapted from: Tao, X., Nuijten, M. P., Infante Ferreira, C. A., 2018. Two-
phase vertical downward flow in plate heat exchangers: Flow patterns and condensation mech-
anisms. Int. J. Refrig. 85, 489-510 [10] and Tao, X., Kirkenier, J. A., Infante Ferreira, C. A., 2019.
Condensation of NH3 within a plate heat exchanger of small diameter channel. The 6th ASME
International Conference on Micro/Nanoscale Heat and Mass Transfer. Dalian, China, paper 3920
[11].
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1.1. BACKGROUND

Since plate heat exchangers (PHEs) were invented about one century ago, their
application has covered industry and laboratories because of the superior perfor-
mance such as favorable heat transfer coefficients (HTCs), reduced liquid holdup
and compactness [12]. PHEs have gained increasing applications with single-
phase and two-phase in recent decades [13–17].

PHEs are promising candidates for condensation processes since their cor-
rugated channels tend to break up the condensate and enhance the heat trans-
fer. During condensation, heat transfer and frictional pressure drop are sensitive
to mass flux, vapor quality, heat flux, condensation pressure, superheating, fluid
properties and plate geometries [10]. Condensation has been widely investigated
by experiments, which have resulted in heat transfer and frictional pressure drop
correlations. Experimental results show promising performance, but the mech-
anisms of energy and momentum transport are not fully understood [18].

1.2. GEOMETRIC CHARACTERISTICS

As shown in Figure 1.1, PHEs are composed of outside frame plates and inside
stacked plates. The frame plates form the architecture of PHEs, while the stacked
plates provide the effective heat transfer areas. The stacked plates have approxi-
mately sinusoidal corrugations. A flow channel is formed by two adjacent plates.
These plates are corrugated and form periodic flow channels. The corrugated
plates provide larger heat transfer areas. The flow is disturbed and secondary
flow is introduced, which enhances the thermal performance. PHEs have large
heat transfer areas per volume unit and small hydraulic diameters. The small
flow passage area reduces the charge of working fluid. The heat transfer areas are
adjusted by changing the number of plates. Hot and cold fluids flow alternately
and counter-currently in the channels. PHEs are mostly installed vertically. Dur-
ing condensation and evaporation, the condensing fluid and evaporating fluid
flow downward and upward, respectively.

Figures 1.2-1.4 summarize the general geometry of PHEs. The overall geo-
metric parameters are the overall plate width, W, the in gasket plate width, Wp,
the overall plate length, L, and the port-to-port length, Lp, as given in Figure 1.2.
The basic heat transfer area of the plate, A0, is the product of Wp and Lp. The ef-
fective heat transfer area, Ap, is obtained by multiplying A0 with an area enlarge-
ment factor,φ , which is the ratio of the wavy plate surface to its plane projection.
This factor depends on the corrugation characteristics and is defined in Eq. 1.2.

The area enclosed by the dash line of Figure 1.2 is further described in Figure
1.3. The plate contains sinusoidal corrugations. The chevron angle, β, is the an-
gle between the corrugation and main flow direction, while βflow is the chevron
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Figure 1.1: The configuration of PHEs with outside frame plates and inside stacked plates. Hot
and cold fluids flow alternately and counter-currently between the stacked plates. (Online infor-
mation)

Figure 1.2: Representation of a plate with corrugation pattern indicating the overall plate width,
W, the in gasket plate width, Wp, the overall plate length, L, and the port-to-port length, Lp.
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Figure 1.3: Representation of the corrugation profile including the corrugation pitch, p, the corru-
gation wavelength, Λwave, and the chevron angle, β; βflow is the angle of the corrugation perpen-
dicular to the flow direction; (left) small chevron angle and (right) large chevron angle. Based on
Winkelmann [19].

Figure 1.4: The relation between the compressed plate pitch, pcp, the plate thickness, dp, the
channel gap, dg, the corrugation amplitude, â and the corrugation wavelength, Λwave. Based on
Winkelmann [19].
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angle perpendicular to the flow direction. In this thesis, β is referred to as the
chevron angle. The corrugation pitch, p, is the corrugation length in the main
flow direction, and the wavelength, Λwave, is the corrugation length in the direc-
tion of the corrugation pattern. Both are related through the chevron angle, β.
The corrugations are mirrored in the center plane of the plate, making the pat-
tern symmetrical. Two plates are placed with opposite pattern directions and
contact at the top of the corrugations.

Ω= π(pcp −dp)

Λwave
= πdg

Λwave
= 2πâ

Λwave
(1.1)

φ(Ω) ≈ 1

6
(1+

√
1+Ω2 +4

√
1+ Ω2

2
) (1.2)

Figure 1.4 presents a sinusoidal corrugation and is the detail of Figure 1.3.
The average spacing between the plates is the channel gap, dg, and is defined as
twice the amplitude, â. dg is also referred to as pressing depth. The compressed
plate pitch, pcp, is the sum of the channel gap and the plate thickness, dp. pcp

is the effective depth added to a PHE. The algebraic relationships are indicated
in Eq. 1.1, which is the definition of the wave number, Ω. In Eq. 1.2, the area
enlargement factor, φ, is approximately a function of the wave number, Ω, for a
sinusoidal corrugation [20].

The corrugation aspect ratio, γ, is twice the ratio of the channel gap to the
wavelength, which indicates the degree of surface corrugation [21, 22]. γ is some-
times regarded as four times the ratio [23]. This study adopts the former defini-
tion:

γ= 2dg

Λwave
= 4â

Λwave
(1.3)

The hydraulic diameter, dh, and the equivalent diameter, de, are given in Eqs.
1.4-1.5 [20, 21]:

dh = 2dg

φ
= 4â

φ
(1.4)

de = 2dg = 4â (1.5)

1.3. MAIN RESEARCH CHALLENGES
Several research challenges about the condensation in PHEs are identified in
open literature [19, 24–34], which are listed below:
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1. The condensation mechanisms are classified into gravity-controlled con-
densation and convective condensation. The transition happens when in-
terfacial shear prevails over gravity. The HTCs are determined by the con-
densation mechanisms. The transition criterion has been in-depth studied
in regular channels such as smooth tubes. The geometry of PHEs changes
the criterion, and the transition needs to be investigated by analysing the
physical process.

2. Flow patterns indicate the vapor-liquid distribution of two-phase flow, and
change with varying vapor qualities during condensation. Flow pattern
maps describe the condensation process and are the basis of mechanistic
models. The condensing flow patterns are the phenomenological reasons
of the condensation mechanisms and can be observed by visualization ex-
periments. The corrugated structure of plates needs to be mirrored to a
transparent plate for observation. The manufacturing process is challeng-
ing. Moreover, the transparent plate is required to be both machinable and
compatible with the working fluid.

3. PHEs have large heat loads, and the vapor quality changes significantly
along the flow direction. The overall measurements of complete conden-
sation identify the performance of the units, but cannot capture the details
of vapor quality distribution, which is important to exploit the potential of
PHEs. Local heat transfer experiments can be implemented by measuring
the temperature of the secondary fluid and thus the vapor quality distribu-
tion. However, the measurement of small temperature changes has large
relative uncertainty for a given sensor accuracy.

4. The condensation within PHEs involves several factors including mass flu-
xes, vapor qualities, reduced pressures, refrigerant properties and geomet-
ric structures. Most heat transfer and frictional pressure drop correlations
are derived from experimental data collected for specific operating ranges,
so that their predictive accuracy is unknown outside these ranges. A com-
prehensive experimental database is needed to assess the correlations and
to develop predictive methods applicable for wide ranges.

5. During the condensation of refrigerant mixtures, heat and mass are trans-
ferred simultaneously from vapor to liquid. The correlations for pure re-
frigerants can be modified to predict the HTCs of azeotropic mixtures and
near-azeotropic mixtures. The modification involves the mass transfer by
including an extra heat transfer resistance to the condensation HTC of pure
refrigerants. However, zeotropic mixtures of high temperature glide, such
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as NH3/H2O, have more complex condensation processes. The temper-
ature glide changes significantly with concentrations. The mass transfer
resistance hinders heat transfer, while the concentration difference drives
the phase change.

6. Numerical models are powerful tools to design PHEs and to optimize geo-
metric structures. The calculation of PHEs can be integrated into the de-
sign of plants to predict the performance under various operating condi-
tions. Numerical models are used to choose the plate number to balance
the heat transfer performance and frictional pressure drop.

7. Two-phase flow is generally modelled as homogeneous flow or separated
flow. The homogeneous model assumes the two-phase velocities are the
same, and the flow can be considered as a single equivalent fluid. Accord-
ing to the separated model, the vapor velocity is larger than the liquid ve-
locity because of the density difference. Void fraction is the ratio of the
vapor-occupied area to the total area in a cross-section, which is the ba-
sis to develop mechanistic models of heat transfer and frictional pressure
drop. Void fraction relies on the two-phase slip ratio. It is needed to quan-
tify the liquid film thickness during condensation. It also helps to deter-
mine the area of dry zones when the wall is not completely wetted because
the liquid mass flux is small. The void fraction in PHEs has not been in-
vestigated up to now. Predictive methods for other channel types can be a
departing point.

8. The flow distribution within PHEs affects the thermal and hydraulic per-
formance. The mass fluxes are different among channels under the condi-
tion of flow maldistribution, which reduces the effective heat transfer areas
and increases the frictional pressure drop. The flow is interrupted by the
corrugated surface in a single channel, and more than one flow pattern is
likely to take place simultaneously. The flow is represented by the domi-
nant flow pattern. Distributors or manifolds play important roles.

9. Heat transfer is enhanced in different ways. During the condensation of
pure refrigerants such as NH3, liquid film is the main heat transfer resis-
tance. When the film is broken, vapor is in contact with the cold wall di-
rectly, which enhances the heat transfer. Sharp plate structures break up
the liquid film and are beneficial. The condensation of mixtures is hin-
dered by mass transfer resistance. For NH3/H2O condensation, the con-
centration difference between vapor and liquid drives the phase change.
To promote the mass transfer, the plate structure should be designed to
maintain thin and continuous liquid film.



1

22 1. INTRODUCTION

Table 1.1: Critical diameters (mm) according to different transition criteria (Psat=690 kPa)a

Fluids Eö=100 Con=0.5 Bd=0.09

NH3 1.37 4.35 0.65
NH3/H2O (90%) 1.66 5.28 0.79
CO2 0.74 2.36 0.35
R134a 0.52 1.66 0.25
R410A 0.58 1.86 0.28
a The fluid properties are calculated using Refprop 9.1 [39]

1.4. METHODOLOGY

1.4.1. PROBLEM DESCRIPTION

NH3 has favorable transport properties and large latent heat [35–37]. PHEs can
handle large flow rates and have large heat transfer areas per unit volume. The
combination of PHEs and NH3 is promising for large and intermediate heat loads.
The compact structures reduce the charge of working fluid and other equipment
investments. The corrugation channels of PHEs enhance the heat transfer and
complicate the prediction of HTCs and frictional pressure drop.

PHEs mostly have hydraulic diameters of 2-5 mm [18], which are close to
the critical diameters of micro or mini channels [38]. The transition from macro-
channels to micro-channels happens when surface tension dominates over grav-
ity. It is determined by channel sizes and fluid properties. Several criteria have
been proposed to predict the transition such as Eötvös number, Eö, confinement
number, Con, and Bond number, Bd , which will be presented in Eqs. 2.22-2.24.
All of these non-dimensional numbers indicate the relative importance of sur-
face tension and gravity depending on size effects. The critical values of these
non-dimensional numbers have been determined, and are shown in Table 1.1.
These criteria are compared for different fluids, and the discrepancy is notice-
able. The critical diameter of NH3 is relatively large because of the large surface
tension. In fact, both surface tension and gravity need to be identified near the
critical diameter. The large surface tension of NH3 enhances the micro-channel
characteristics during the condensation in PHEs [11].

The flow characteristics are determined by the balance of gravity, shear force,
inertial force and surface tension. The relative magnitudes of these forces in the
confined channels differ from those in large smooth tubes. Surface tension af-
fects heat transfer and frictional pressure drop because of two-phase interface
and wetting characteristics. The heat transfer is enhanced when the vapor is in
direct contact with the cold wall. In small diameter channels, larger surface ten-
sion increases the contact angle, and tends to reduce the flow resistance [40].
Ungar and Cornwell [41] tested the adiabatic two-phase flow of NH3 in small
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tubes. The correlations developed for large tubes over-predicted the pressure
drop. Surface tension tends to smooth the two-phase interface and reduce the
shear force.

Heat transfer and frictional pressure drop are functions of the occurring flow
patterns. NH3 has distinct fluid properties from HFCs and HCs. NH3 is char-
acterized by large two-phase density ratio, thermal conductivity, surface tension
and latent heat. To the best of the author’s knowledge, no correlation has been
specially proposed for NH3 condensation in PHEs. In tubes, the correlations de-
rived from HFCs or HCs mismatch the experimental data of NH3 [37, 42]. In
PHEs, it is unknown whether the correlations of HFCs or HCs are accurate for
NH3. This work investigates NH3 condensation in PHEs.

1.4.2. EXPERIMENTAL AND THEORETICAL APPROACHES

Despite the promising performance of PHEs in NH3 systems, research on NH3

condensation is limited. The condensation of HFCs, HCs and HFOs in PHEs has
been widely investigated by experiments, but reports on NH3 data are scarce.
Details of the experiments are missing in old papers [43, 44].

Experiments of NH3 pose strict requirements on the experimental setup. Be-
cause NH3 is corrosive, experimental setups are required to be fabricated from
stainless steel and to exclude copper components and Teflon sealings. Gear pumps
are suitable for laboratories since they can handle small mass flow rates without
sharp fluctuations. Stainless steel gear pumps are required for NH3 systems [37].
Diaphragm pumps are robust for corrosive fluids, but introduce fluctuations for
small mass flow rates. To reduce the fluctuations, dampers need to be installed
at the outlet of diaphragm pumps [45]. Reliable ventilation is needed, and ex-
perimental system must be installed in fume hoods so that no NH3 escapes to
the environment. As will be shown in Table 6.1, NH3 has large latent heat, whose
value is more than 5 times larger than R134a and R410A. To achieve the same
operating conditions of mass fluxes and vapor qualities, the cooling and heating
capacities of NH3 systems are much larger, increasing the facility cost. Other-
wise, experimental data are limited to small mass fluxes or low vapor qualities
[46–49].

The condensation HTCs of NH3 are large because of the high thermal con-
ductivity. The corresponding heat transfer resistances are relatively small com-
pared with the secondary fluid, which brings about large measurement uncer-
tainty. To improve the accuracy, high-precision sensors are required. The mass
flux of secondary fluid should be kept large to reduce the heat transfer resistance
[45].

Thonon et al. [50] discussed the design of PHEs used for single-phase heat
transfer, evaporation and condensation. Single-phase heat transfer is deterio-
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rated in the downstream areas of the corrugation edges because of recirculation.
During evaporation, the critical vapor quality of dryout is lower for PHEs than for
smooth geometries, which is attributed to the fact that the corrugation washes
the liquid film out from the wall. This structure seems to promote condensate
drainage and to enhance heat transfer.

García-Cascales et al. [51] summarized the heat transfer correlations of single-
phase, evaporation and condensation in PHEs. The Akers et al. [52] correlation
is widely adopted by adding non-dimensional fluid properties or geometric pa-
rameters. The correlations of evaporation and condensation include heat fluxes
and vapor qualities, and are compared with experimental data. In general, the
evaporation correlations predict the experimental data better than the conden-
sation correlations.

Amalfi et al. [21, 53] collected the predictive methods and experimental data
of flow boiling in PHEs, including 1903 heat transfer and 1513 frictional pressure
drop data points. The flow direction is mostly vertically upward. The predictive
methods cannot accurately calculate the experimental data of large ranges. The
database was used to develop new heat transfer and frictional pressure drop cor-
relations by dimensional analysis coupled with multi-variable regression analy-
sis, whose predictive performance is satisfactory. A similar analysis was carried
out on the condensation within PHEs, and eight heat transfer correlations were
compared with 325 experimental data points [54]. The selected correlations did
not perform well, but no new correlation was proposed.

Eldeeb et al. [55] surveyed the heat transfer and frictional pressure drop cor-
relations of evaporation and condensation, and calculated the HTCs of several
refrigerants. In PHEs, condensation has been reported less than evaporation.
The predictions of these correlations are considerably different, and need to be
validated with experimental data. Despite the growing need for accurate predic-
tion, the available simulation tools of PHEs are limited.

Most correlations have limited applicable ranges. Widely applicable and ac-
curate correlations are needed. To survey the state of art, the condensation mech-
anisms in PHEs are firstly reviewed in this thesis. The transition from gravity-
controlled condensation to convective condensation is mainly determined by
mass fluxes and vapor qualities. The fluid properties also play important roles
[10].

The flow patterns of air/water in PHEs have been experimentally investigated
without phase change. This thesis presents a detailed overview of two-phase ver-
tically downward flow, which is the common flow direction of condensers and
absorbers [10]. The flow patterns of condensing NH3 are different because of the
distinct two-phase density ratio and surface tension in comparison to air/water.
Additionally, the vapor qualities decrease from the inlet to the outlet during dia-
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batic flow, gradually changing the flow patterns.

In this thesis, the heat transfer and frictional pressure drop correlations for
condensation in PHEs are summarized [18]. An experimental database is devel-
oped including HFCs, HCs, HFOs and CO2, but NH3 is not included. Most cor-
relations have been derived from experimental data, and are applicable in the
original and similar operating ranges. To be assessed in larger ranges, these cor-
relations are compared with the experimental database. Suitable methods are
recommended to calculate the heat transfer and frictional pressure drop. These
correlations are mainly classified into homogeneous flow correlations and sepa-
rated flow correlations. Heat transfer and frictional pressure drop correlations of
homogeneous flow are characterized by an equivalent Reynolds number and are
more suitable for fluids of small two-phase density ratio [18, 52]. Heat transfer
correlations of separated flow adopt a two-phase multiplier approach and in-
volve the effect of interfacial shear force using empirical constants [18, 56]. Fric-
tional pressure drop correlations of separated flow are mostly based on Lockhart-
Martinelli model [57, 58]. Generally, two-phase Fanning friction factor approach
over-predicts the experimental data of seperated flow, while Lockhart-Martinelli
model under-predicts the experimental data of homogeneous flow [18, 59].

To develop predictive methods for NH3 condensation, the flow patterns, HTCs
and frictional pressure drop are experimentally investigated [45]. An uncertainty
analysis is used to evaluate the reliability of experimental results. The flow pat-
terns are full film flow and partial film flow. Experimental HTCs and frictional
pressure drop show sharp sensitivity to the vapor qualities, and are compared
with the correlations recommended for HFCs, HCs and HFOs [18, 60, 61]. The
disagreement between the correlations and NH3 experimental data indicates that
NH3 condensing flow is a separated flow.

The flow patterns are analyzed by comparing with the results of air/water.
The flow patterns allow for the phenomenological analysis of condensation mech-
anisms and friction characteristics. The theories of condensing flow in tubes
serve as the starting points for the predictive models of PHEs. Derived from
experimental data, heat transfer and frictional pressure drop models are devel-
oped based on flow patterns. The heat transfer model distinguishes convective
condensation and combined condensation. A two-phase multiplier heat trans-
fer correlation is developed for convective condensation, which corresponds to
full film flow. Full film flow in PHEs is equivalent to annular flow in tubes. All
the heat is transferred through the condensate film. Combined condensation
applies to partial film flow, and is composed of convective condensation and
gravity-controlled condensation. Partial film flow in PHEs is comparable to strat-
ified flow in tubes. Vapor condenses directly at dry zones, and the condensa-
tion is gravity-controlled. The gravity-controlled condensation deviates from
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Nusselt’s theory because of the two-phase shear force and liquid convection. A
modified Lockhart-Martinelli model is proposed to predict the frictional pres-
sure drop. The heat transfer and frictional pressure drop models are developed
by describing the primary physical processes, while the flow details cannot be
quantified and are considered by involving empirical constants. The developed
model is compared with other experimental data, and the applicable range is
analyzed [59].

1.5. OUTLINE OF THIS THESIS
In this thesis, NH3 condensation in PHEs is investigated using experimental and
theoretical approaches. The research challenges 1-4 introduced in Section 1.3
are addressed. Condensation mechanisms are identified to predict the HTCs of
NH3 condensation. Flow patterns are observed by visualization experiments,
which determine the forms of heat transfer and frictional pressure drop corre-
lations. Since NH3 has large latent heat, the change of vapor qualities is small
for given heat transfer rates, and partial condensation is measured. The sensi-
tivity to vapor quality is investigated by controlling the inlet/outlet vapor quality.
The dominant influencing factors of NH3 condensation are recognized as mass
fluxes, vapor qualities and saturated pressures, which are taken as the control
variables during the experiments.

Figure 1.5 illustrates the outline of this thesis by highlighting the topics of
chapters. The relation between chapters is shown. This thesis is mainly focoused
on NH3 condensation in PHEs. The condensation of HFCs, HCs and HFOs in
PHEs is widely reported in literature, which is summarized for comparison. The
theories of condensation in tubes are used as the starting points to develop pre-
dictive models. The key outputs are also presented.

A literature review is presented in Chapter 2, including the condensation
mechanisms and flow patterns for vertically downward flow in PHEs. The tran-
sition from gravity-controlled condensation to convective condensation is af-
fected by several factors, among which mass flux and vapor quality are domi-
nant. Flow pattern maps of the previous studies are integrated and translated
into non-dimensional forms.

The heat transfer and frictional pressure drop correlations for condensation
in PHEs are summarized in Chapter 3. These correlations are classified into ba-
sic forms. An experimental database is built including the data of HFCs, HCs,
HFOs and CO2. This database is composed of 2376 heat transfer data points and
1590 frictional pressure drop data points. Eight heat transfer correlations are as-
sessed with the database, and the best correlations are recognized. Six frictional
pressure drop correlations are compared with the database. The prediction of
frictional pressure drop is relatively poor, and a new correlation is developed.
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The experimental setup is described in Chapter 4. The uncertainty of mea-
surement instrumentations is specified. The methods of data reduction are ex-
plained. The HTCs and frictional pressure drop of single-phase H2O are ob-
tained. The results are used for the data reduction of NH3 condensation, and for
the validation of single-phase correlations in VDI [20]. Single-phase correlations
are needed to predict condensing flow.

In Chapter 5, the experimental results of NH3 condensation are presented
including flow patterns, heat transfer and frictional pressure drop. The flow pat-
terns are full film flow and partial film flow. The transition line in the flow pattern
map mainly depends on the liquid mass flux. The HTCs and frictional pressure
drop show conspicuous characteristics of separated flow, and cannot be pre-
dicted by the correlations suitable for other refrigerants. Another approach is
needed for NH3 condensation.

In Chapter 6, a heat transfer model is developed based on flow patterns,
which represents the transition from convective condensation to gravity- con-
trolled condensation. The physical interpretation of the two-phase multiplier
approach and the deviation from Nusselt’s theory are discussed. A transition cri-
terion of condensation mechanisms is proposed according to the wetting char-
acteristics. Since the flow patterns indicate separated flow, the Lockhart-Martinelli
model is selected and is modified to predict the frictional pressure drop.

Conclusions and recommendations are presented in Chapter 7.



2
LITERATURE REVIEW OF

CONDENSATION MECHANISMS AND

FLOW PATTERNS

In this Chapter, the non-dimensional numbers used for two-phase flow and con-
densation are listed. Condensation mechanisms and the influencing factors of
transition are discussed. The flow patterns are characterized, and the original
data are summarized in flow pattern maps using uG versus uL and x versus G.
Integrated flow pattern maps are developed using non-dimensional numbers.

.

The first Section of this Chapter is adapted from: Tao, X., Infante Ferreira, C. A., 2019. Heat transfer
and frictional pressure drop during condensation in plate heat exchangers: Assessment of corre-
lations and a new method. Int. J. Heat Mass Transf. 135, 996-1012 [18]. The remaining Sections
are published in: Tao, X., Nuijten, M. P., Infante Ferreira, C. A., 2018. Two-phase vertical downward
flow in plate heat exchangers: Flow patterns and condensation mechanisms. Int. J. Refrig. 85,
489-510 [10]
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2.1. NON-DIMENSIONAL NUMBERS FOR CONDENSATION
Several non-dimensional numbers are used to quantify the two-phase flow and
condensation. These non-dimensional numbers indicate the flow characteris-
tics as the functions of fluid properties, operating conditions and channel sizes.
For the convenience of discussion, this Section lists these numbers and distin-
guishes between similar definitions.

2.1.1. FLUID PROPERTIES OF TWO-PHASE FLOW

The Lockhart-Martinelli parameter, X , describes the separated two-phase flow
of four combinations: turbulent liquid and turbulent vapor, laminar liquid and
turbulent vapor, turbulent liquid and laminar vapor, as well as laminar liquid
and laminar vapor [57]. In the cases of turbulent-turbulent flow and laminar-
laminar flow, Xtt and Xll are calculated with Eqs. 2.1-2.2 based on the single-
phase pressure drop correlations in tubes [62].

Xtt =
(

1−x

x

)0.875 (
ρG

ρL

)0.5 (
µL

µG

)0.125

(2.1)

X ll =
(

1−x

x

)0.5 (
ρG

ρL

)0.5 (
µL

µG

)0.5

(2.2)

Eq. 2.3 defines the Convection number, which mainly indicates the influ-
ence of vapor quality [19, 63]. Kuo et al. [61] calculated the Convection number
differently as given in Eq. 2.4.

Co =
(
ρG

ρL

)0.5 (
1−x

x

)0.8

(2.3)

Co2 =
(
ρG

ρL

)(
1−x

x

)0.8

(2.4)

In Eq. 2.5, the averaged density is calculated by assuming homogeneous flow
at the averaged vapor quality. The two-phase flow is treated as a single fluid.
For homogeneous flow, the density of two-phase flow only depends on the va-
por quality and the saturated liquid/vapor densities. Eq. 2.5 is widely used to
represent the averaged two-phase density, and is adopted in this thesis without
special explanation. Eq. 2.6 is the universal form with ε being the void fraction.
Eq. 2.5 is a special case of Eq. 2.6 for homogeneous void fraction.

1

ρav
= 1−xav

ρL
+ xav

ρG
(2.5)

ρav = (1−ε)ρL +ερG (2.6)
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The Nusselt number is the non-dimensional HTC. When applied for conden-
sation, the thermal conductivity uses the value of liquid phase.

Nu = αdh

λ
(2.7)

The Prandtl number is used to predict the HTC during convective condensa-
tion. The value of liquid phase is usually taken since the heat passes through the
condensate film:

PrL =
cp,LµL

λL
(2.8)

In Eq. 2.9, Oshinowo and Charles [64] proposed to use a property modifying
parameter. It is a function of the liquid properties relative to those of water under
the same conditions.

Λ= µL/µw(
ρL

ρw

(
σL
σw

)3
)0.25 (2.9)

2.1.2. FORCES IN CONDENSING FLOW

The Reynolds number is the ratio of inertia to viscous forces and has different
forms including Reeq, ReLO, ReL and ReG. Eq. 2.10 gives the equivalent Reynolds
number of two-phase flow, Reeq, which is more relevant for homogeneous flow.
G is the mass flux and dh is the hydraulic diameter. The liquid only Reynolds
number, ReLO, in Eq. 2.11 is defined by assuming all the fluid is liquid. ReLO

is used to calculate the liquid only HTC. Eq. 2.12 defines the liquid Reynolds
number, ReL, which is also known as the condensate Reynolds number. ReL only
considers the mass flux of liquid phase. Similarly, the vapor Reynolds number,
ReG, in Eq. 2.13 focuses on the mass flux of the vapor phase. Eqs. 2.10-2.13 use
the dynamic viscosities of liquid or vapor. In Eq. 2.14, the modified Reynolds
number, Remod, includes the averaged dynamic viscosity instead [65].

Reeq = G
(
(1−x)+x(ρL/ρG)0.5

)
dh

µL
(2.10)

ReLO = Gdh

µL
(2.11)

ReL = GLdh

µL
= G(1−x)dh

µL
(2.12)

ReG = GGdh

µG
= Gxdh

µG
(2.13)
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Remod =Gdh

(
1−xav

µL
+ xav

µG

)
(2.14)

The Weber number is the ratio of inertia to surface tension. Eqs. 2.15-2.16
apply for the liquid phase and vapor phase, respectively. In Eq. 2.17, the homoge-
neous Weber number, W ehomo, is calculated from the averaged density [53, 66].

W eL =
ρLu2

Ldh

σ
= G2(1−x)2dh

ρLσ
(2.15)

W eG = ρGu2
Gdh

σ
= G2x2dh

ρGσ
(2.16)

W ehomo = ρavu2
avdh

σ
= G2dh

ρavσ
(2.17)

The Froude number is the ratio of inertia to gravity. Kuo et al. [61] included
the liquid Froude number, F rL, in the heat transfer correlation, which has the
form of Eq. 2.18. The two-phase Froude number has several forms. In Eq. 2.19,
Oshinowo and Charles [64] and Bergles et al. [67] used F rTP to represent flow
pattern maps. In Eq. 2.20, the non-dimensional gas velocity, JG, is the ratio of
inertia to gravity. It is widely used to distinguish condensation mechanisms [68,
69].

F rL = G2

ρ2
Lg dh

(2.18)

F rTP = (uG +uL)2

g dh
(2.19)

JG = xG(
g dhρG(ρL −ρG)

)0.5 (2.20)

The Galileo number, Ga, represents the ratio of gravity to viscous force and
is defined in Eq. 2.21 [70].

Ga = ρL(ρL −ρG)g d 3
h

µ2
L

(2.21)

The Bond number, Bd , indicates the ratio of buoyancy to surface tension and
distinguishes macroscale and microscale during two-phase flow [53].

Bd = (ρL −ρG)g d 2
h

σ
(2.22)
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Eötvös number, Eö, and confinement number, Con, also quantify channel
size effects and distinguish the transition between macroscale and microscale
[38].

Eö = (2π)2σ

(ρL −ρG)g d 2
h

(2.23)

Con =
(

σ

(ρL −ρG)g d 2
h

)0.5

(2.24)

In Eq. 2.25, Rv is the ratio of gas to liquid superficial velocities, with the su-
perficial gas and liquid velocities, uG and uL, calculated in Eqs. 2.26-2.27 [64].

Rv = V̇G

V̇L
= uG

uL
(2.25)

uG = V̇G

Wpdg
(2.26)

uL = V̇L

Wpdg
(2.27)

2.1.3. HEAT FLUX, SENSIBLE HEAT AND LATENT HEAT

The Boiling number, Bo, is the non-dimensional heat flux and is defined in Eq.
2.28, where ∆hLG is the latent heat [61, 71]. The equivalent Boiling number is
given in Eq. 2.29 [72, 73].

Bo = q̇

G∆hLG
(2.28)

Boeq = q̇

G
(
(1−x)+x(ρL/ρG)0.5

)
∆hLG

(2.29)

Eq. 2.30 indicates the influence of condensate film on heat transfer [74].
∆hLG is added with the sensible heat of the liquid film because the condensate is
subcooled. This parameter is referred to as the Jakob number, Ja [65, 75].

Ja = cp,L(Tsat −Twall)

∆hLG +0.68cp,L(Tsat −Twall)
(2.30)
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2.2. CONDENSATION MECHANISMS
This Section presents the transition of condensation mechanisms, which is af-
fected by a series of factors. Condensation mechanisms have significant influ-
ences on heat transfer performance, but minor effects on frictional pressure drop.
Condensation within PHEs can be classified as gravity-controlled condensation
or convection-controlled condensation. Different concepts are utilized to de-
scribe the two regimes. Gravity-controlled condensation is also known as lami-
nar falling film or laminar film condensation. Convective condensation or forced
convection condensation is referred to as turbulent, shear dominated conden-
sation. Interfacial shear is dominant in this regime. There can be a transition
regime where both gravity and shear are non-negligible. In gravity-controlled
regime, HTCs decrease with increasing mass flux, or stay almost constant if tur-
bulence plays a role. HTCs generally increase with mass flux in convective con-
densation. Mancin et al. [76] distinguished condensation into a temperature
driving force dependent regime and a temperature driving force independent
regime, which are equivalent to gravity-controlled condensation and convective
condensation.

2.2.1. MASS FLUX, G
Mass flux is the main contributor to the transition from gravity-controlled con-
densation to convective condensation. The exact transition mass fluxes depend
on refrigerant properties and PHE geometries. Longo [77, 78] experimentally
studied the effects of mass flux for HFCs (R236fa, R134a and R410A) and HCs
(R600a, R290 and R1270). The HTCs are mass flux independent at small mass
flux, and increase with mass flux at larger values. The transition takes place at
about 20 kgm−2s−1 for HFCs and 16.5 kgm−2s−1 for HCs. When the flow is clas-
sified by Reeq, the transition value is 1650 for HFCs and HCs [77, 78]. At small
mass fluxes, condensation is mainly governed by gravity, and is less affected by
interfacial shear. In this regime, Nusselt’s [79] derivation for laminar film con-
densation on a vertical wall gives a good approximation, predicting decreasing
HTCs for larger mass fluxes. However, during Longo’s experiments, the HTCs re-
mained constant with increasing mass flux [77, 78]. The author attributed this to
the measurement uncertainty and the existence of turbulence at small mass flux.
Convective condensation takes place at larger mass fluxes and is governed by in-
terfacial shear. The HTCs increase with larger mass fluxes. For most refrigerants,
the interfacial shear reduces the thickness of the condensate film and promotes
turbulence in the condensate film.

Sarraf et al. [27] investigated R601 condensation in a PHE with the mass
fluxes of 9 to 30 kgm−2s−1. Infrared thermography was utilized for local measure-
ments of the thermo-hydraulic characteristics. The HTCs increase with higher
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vapor qualities. The HTCs decrease with increasing mass fluxes at first, and then
keep almost constant for larger mass fluxes.

Mancin et al. [80, 81] analyzed the condensation of R407C and R410A in a
PHE. The transition mass flux is approximately 20 kgm−2s−1. Thonon and Bon-
temps [82] investigated the condensation of HCs including R601, R600, R290 and
R600/R290 mixture. In the gravity-controlled regime, the HTC decreases with
larger mass fluxes. Turbulence arises at larger mass fluxes and improves the
HTCs.

Yan et al. [71] and Kuo et al. [61] investigated the condensation HTC and
frictional pressure drop of R134a and R410A in a vertical PHE. The experiments
were carried out at the mass fluxes of 60 to 120 kgm−2s−1 for R134a and 50 to
150 kgm−2s−1 for R410A. The HTCs increase with mass flux, indicating convec-
tive condensation. Grabenstein and Kabelac [83] measured the condensation of
R134a in a PHE. Temperatures of the wall and secondary fluid were measured
at seven locations to obtain local HTCs. The HTCs increase with mass fluxes for
38-62 kgm−2s−1, which shows convective condensation.

The factors enhancing heat transfer also increase frictional pressure drop.
Independent of the condensation regime, frictional pressure drop increases with
mass fluxes and vapor qualities [61, 71, 77, 78].

2.2.2. VAPOR QUALITY, x
HTCs increase with vapor qualities since higher vapor qualities reduce the thick-
ness of condensate film and heat transfer resistance. Mancin et al. [81] demon-
strated that the HTCs of R407C and R410A increase with outlet vapor quality
when mass flux is maintained constant. The increase is specifically noticeable
at larger mass fluxes.

Yan et al. [71] and Kuo et al. [61] reported that the HTCs increase with the va-
por quality. According to Grabenstein and Kabelac [83], the local HTCs of R134a
increase with mass flux at high vapor quality and stay nearly constant at lower
vapor quality.

2.2.3. CONDENSATION PRESSURE, P
Condensation pressure plays a role by changing the fluid properties. The two-
phase density ratio and liquid thermal conductivity are smaller at higher con-
densation pressures. Yan et al. [71] and Kuo et al. [61] concluded that higher
condensation pressure slightly reduces the HTC. Grabenstein and Kabelac [83]
had similar conclusion and stated that the influence is larger at high vapor qual-
ities. Condensation pressure is considered to have minor influences by others.
According to Longo [77, 78, 84–86], the condensation pressure does not affect the
transition mass flux and HTCs. Winkelmann [19] also reported that the conden-
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sation pressure has no effect on the HTCs. Thonon and Bontemps [82] reached
different conclusions. Higher condensation pressures increase the HTCs in the
gravity-controlled regime and improve the transition mass fluxes.

Higher condensation pressures increase vapor density and reduce liquid dy-
namic viscosity. So the frictional pressure drop decreases. Winkelmann [19],
Wang and Zhao [74] and Han et al. [87] confirmed the influence of condensation
pressure on frictional pressure drop. Grabenstein and Kabelac [83] indicated that
the influence is more significant at larger mass fluxes. On the other hand, the ex-
periments of Longo [77, 78], Yan et al. [71] and Kuo et al. [61] showed small
influences.

2.2.4. TEMPERATURE DRIVING FORCE, ∆T = Tsat−Twall AND HEAT FLUX, q̇
The heat flux is proportional to the temperature difference between the wall and
refrigerant. Generally, both temperature driving force and heat flux are the func-
tions of other operating conditions imposed on the system.

Mancin et al. [81] found that HTCs decrease with larger temperature differ-
ence. Jokar et al. [88] studied R134a condensation. As temperature difference in-
creases, HTCs decrease sharply at gravity-controlled regime, and decrease slightly
at convective regime. Mancin et al. [76] distinguished condensation regimes
according to their dependence on temperature driving force. The dependent
regime is gravity-controlled, while the independent regime corresponds to con-
vective condensation. The HTC in the transition regime is a combination of both
regimes.

Yan et al. [71] and Kuo et al. [61] investigated the effect of mean heat flux.
HTCs increase with mean heat flux, but the effect is limited compared with mass
fluxes and vapor qualities. The local measurements of Sarraf et al. [27] showed
that the local heat flux is not constant, and the variation can reach 4 times along
the condenser.

According to Yan et al. [71] and Kuo et al. [61], frictional pressure drop in-
creases slightly with mean heat flux. Djordjević et al. [89] and Shi et al. [72]
arrived at similar conclusions.

2.2.5. INLET SUPERHEATING, Tsup

Condensation of superheated vapor starts directly at the inlet of condensers or
a distance from the inlet. Hrnjak and Kondou [90] claimed that condensation
starts where the wall temperature is below the saturation temperature.

Longo [84–86] concluded that superheating in the inlet does not affect the
transition mass flux. The superheated vapor is assumed to condense directly
without de-superheating region near the inlet characterized as vapor single-pha-
se heat transfer. Similarly, the condensate film along the channel is subcooled
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without subcooling region near the outlet operating as liquid single-phase heat
transfer. The saturation temperature is used to calculate the mean HTCs. Su-
perheated vapor increases condensation kinetics and reduces condensate thick-
ness, enhancing heat transfer. Mancin et al. [80, 81] assumed that the wall tem-
perature is lower than the local dew temperature at the inlet, and superheated
vapor condenses directly.

The infrared thermography of Sarraf et al. [91] indicated that the conden-
sation region starts a distance from the inlet and ends apart from the outlet.
De-superheating and subcooling regions are demonstrated. The superheating
zone improves flow distribution and enhances the interfacial shear. Superheat-
ing does not affect the transition mass flux of condensation mechanisms. The
heat transfer enhancement is stronger at gravity-controlled regime than at con-
vective regime. Moreover, condensation droplets appear to form at superheating
zone, and drag and evaporate along the flow path by interfacial shear and grav-
ity [91]. Jokar et al. [65, 88] determined de-superheating and subcooling regions
using single-phase HTCs.

Additionally, Sarraf et al. [91] reported that the superheating increases fric-
tional pressure drop slightly at gravity-controlled regime and noticeably at con-
vective regime. On the other hand, Longo [86] denied the effect of superheating
on frictional pressure drop.

2.2.6. MIXTURES

Thonon and Bontemps [82] measured the condensation of R600/R290 mixtures
at different concentrations. The HTC of mixtures is lower than that of both pure
components. Larger mass fluxes improve the mixture HTCs independent of con-
densation mechanisms, and the improvement is significant at small mass fluxes.
The mass transfer resistance deteriorates the heat transfer. The mixing in the gas
phase is limited for small mass fluxes, and the deterioration is noticeable. Larger
mass fluxes contribute to the mixing of the gas phase. According to Mancin et
al. [80, 81], the condensation of zeotropic mixture R407C and near-azeotropic
mixture R410A is similar to pure fluids.

2.2.7. REFRIGERANT PROPERTIES

Condensation of refrigerants including HFCs, HCs and their mixtures in PHEs
has been widely investigated. Longo [77, 78] considered the thermal conductiv-
ity of liquid to be the dominant fluid properties for heat transfer. The two-phase
density ratio determines the transition between homogeneous flow and sepa-
rated flow. Novelty refrigerants such as R365mfc, R1234yf, R1234ze(E), R1234ze(Z)
and R1233zd(E) were also investigated [66, 73, 83, 92–94].

Wang and Zhao [74] studied steam condensation in a PHE. The Nusselt num-
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ber increases with larger mass flux, but decreases with higher outlet vapor qual-
ity and larger temperature differences. Complete condensation has better heat
transfer performance than partial condensation.

Frictional pressure drop mainly depends on density ratio and liquid viscosity.
Longo [77, 78] concluded that R410A has smaller frictional pressure drop relative
to R236fa and R134a, while the frictional pressure drop of R1270 is smaller than
of R600a and R290. According to Yan et al. [71] and Kuo et al. [61], R410A has
smaller frictional pressure drop than R134a at high vapor quality but has larger
frictional pressure drop at low vapor quality.

2.2.8. PLATE GEOMETRY

Han et al. [87] measured the condensation HTC and the frictional pressure drop
in brazed PHEs with chevron angles of 45°, 55°, and 70°. R410A and R22 were
tested with varying mass flux, condensation temperature and vapor quality. The
HTCs increase with mass flux and vapor quality, which indicates convective con-
densation. Larger chevron angles contribute to higher HTCs. Chevron angles
have stronger influences at large mass fluxes and high vapor qualities.

Mancin et al. [81] measured PHEs of different plate number, length and
width. None of the tested PHEs shows superior heat transfer performance, but
less channels reduce maldistribution. Jin and Hrnjak [95] showed that the end
plates of PHEs function as fins. This effect becomes noticeable when the plate
number is small.

Han et al. [87] reported that larger chevron angles increase frictional pressure
drop. Larger chevron angles intensify the effect of mass flux, vapor quality and
condensation temperature on frictional pressure drop.

Würfel and Ostrowski [96] tested PHEs with neighbouring plates of 30°/30°,
30°/60° and 60°/60°. The frictional pressure drop increases with chevron angles,
and the frictional pressure drop of 30°/60° is between 30°/30° and 60°/60°.

2.3. FLOW PATTERNS

2.3.1. DESCRIPTION OF FLOW PATTERNS

Flow patterns interpret the gas-liquid configuration and the interface character-
istics. Table 2.1 lists the flow patterns in PHEs and allocates reference numbers to
each study. Flow patterns are described similarly with different separating lines.
Chevron angles and working fluids may affect separating lines and are treated
as specific characteristics. Grabenstein et al. [97] tested two chevron angles but
observed negligible effect on transitions, so chevron angles are not specific char-
acteristics in this case. Four main flow patterns are identified in this study, while
the other flow patterns are considered to be the transition between main flow
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patterns or the synonym of main flow patterns. The main flow patterns are bub-
bly, slug, churn and film flow.

The flow patterns of Buscher [101] are not included in the development of the
integrated flow pattern maps, but are used for validation. Table 2.1 also presents
the flow patterns in round mini tubes as References 11 and 12 [102, 103], which
will be discussed in Section 2.3.3. Jiang and Bai [104] visualized air/water flow
in a capsule-type PHE, and found that the main flow patterns are film flow, plug
flow and churn flow. They proposed transition criteria of the flow patterns. Film
flow changes into plug or churn flow when the waves grow large enough to block
the gas core. It happens when the liquid flow rate increases and occupies larger
flow area. The gas has smaller flow area and accelerates. Consequently, the gas
pressure decreases. The pressure at the bottom of the waves is larger than that at
the top, enlarging the waves. Plug flow changes into churn flow when the break-
ing forces dominate over coalescence forces, which are determined by turbu-
lence and surface tension, respectively. The flow in capsule-type PHEs shows
different characteristics from chevron-type PHEs.

Figure 2.1 presents the four main flow patterns. The sequence generally fol-
lows the occurrence of flow patterns with increasing gas mass flux. For simplifi-
cation, the corrugated channel is replaced with smooth tubes.

Bubbly flow consists of continuous liquid phase and dispersed bubbles smaller
than the main channel dimensions. This is the first main flow pattern and is di-
vided into regular and irregular bubbly flow. The bubbles are sized with spherical
shape for regular bubbly flow. With increasing gas mass flux, the flow transforms
to irregular bubbly flow, and the bubbles vary in size and shape.

Slug flow have several large bubbles which are regularly shaped but have sim-
ilar dimensions to the main channel. It is the second main type. The Taylor bub-
bles are formed by merging small bubbles and make the flow intermittent. The
characteristic shape of the Taylor bubble resembles a bullet with a hemispherical
nose and a blunt tail. Liquid slug is between the Taylor bubbles and may contain
small bubbles.

Churn flow is generally accepted as the chaotic version of slug flow and is in-
termittent flow. Because the amount of liquid between the large bubbles is too
little to form stable liquid zones, the liquid zones break up and stir the flow. The
two-phase interface is disordered. In some cases, the fluid oscillates but retains
a net velocity in the flow direction. Churn flow may include small bubbles in the
liquid film apart from the gas bulk. In fact, churn flow is difficult to be distin-
guished from slug flow quantitatively. Slug flow has smooth bubble boundaries
and can be regarded as the transition between bubbly flow and churn flow.

Finally, film flow is equivalent to annular flow in tubes, since thin liquid film
flows on the channel walls and continuous gas bulk flows in the middle. Film flow
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Table 2.1: List of flow patterns reported in visualization experiments

Reference
number

Study
Specific
characteristicsa Flow patterns

1
Tribbe & Müller-
Steinhagen [98]

β=30°/30°
β=30°/60°

Regular bubbly, irregular bubbly, tran-
sition between bubbly and churnb,
churn, film, partial film

2
Tribbe & Müller-
Steinhagen [98]

β=60°/60°
Regular bubbly, irregular bubbly, tran-
sition between bubbly and churnb,
churn, film, partial film

3
Vlasogiannis et al.
[99]

-
Bubbly, transition between bubbly
and rivuletc, slug, rivulet

4 Winkelman [19] - Churn, wavy, film, partial film

5 Nilpueng &
Wongwises [100]

-
Slug, annular liquid bridge, annular
liquid bridge/air alone

6 Grabenstein &
Kabelac [83]

Air /Water Bubbly, slug, film

7 Grabenstein &
Kabelac [83]

R365mfc Bubbly, slug, film

8
Grabenstein et al.
[97]

Air /Water Bubbly, irregular bubbly, slug, film

9
Grabenstein et al.
[97]

R365mfc Bubbly, irregular bubbly, slug, film

10 Buscher [101] β=75°/75°,
Air /Water

Roundish bubble, irregular blob-like
bubble, stagnant gas phase, bigger gas
unit, heterogeneous, partial film, full
film

11
Fukano & Kariyasaki
[102]

Round mini tube,
d=4.9 mm

Dispersed bubbly, intermittent (elon-
gated bubbly, slug, churn), annular

12
Mehta & Banerjee
[103]

Round mini tube,
d=2.1 mm

Bubbly, slug -bubbly, slug, churn,
slug-annular, annular

13 Jiang & Bai [104] Capsule-type PHE,
β=23.5°/66.5°d,
Air /Water

Film, plug, churn

a Chevron angles or working fluids.
b The transition between bubbly and churn is abbreviated as transition 1 in the following flow
pattern maps.
c The transition between bubbly and rivulet is abbreviated as transition 2 in the following flow
pattern maps.
d These are the angles between capsules and the vertical direction.
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Figure 2.1: Representations of the four main flow patterns for vertically downward flow in PHEs.
From left to right: bubbly flow, slug flow, churn flow and film flow.

is separated flow, and vapor phase has larger velocity than liquid phase. When
rivulets or waves appear on the film surface, the flow is termed as rivulet or wavy
flow. Annular-liquid bridge flow occurs as the disturbances are strong enough
to span from one side of the film to the other side, whose presence needs more
liquid. Annular-liquid bridge flow is different from slug or churn flow since the
liquid bridge is unstable and cannot intermit the gas core. Film flow is classified
into full film flow and partial film flow. Full film flow has enough liquid so that
the wall surface is completely wetted. Partial film flow happens as the amount of
liquid decreases. The limited liquid film cannot wet the entire surface so part of
the surface dries up.

Bubbly flow is a combination of large liquid mass flux and small gas mass
flux, while film flow is composed of less liquid and more gas. When the mass
fluxes of both phases are limited and no Taylor bubble appears, the flow is re-
garded as transition between bubbly flow and film flow.

2.3.2. PREVIOUS STUDIES ON FLOW PATTERNS

OPERATING CONDITIONS OF VISUALIZATION EXPERIMENTS

The studies listed in Table 2.1 mostly used air/water under adiabatic conditions
without phase change. Table 2.2 summarizes the PHE geometries and the oper-
ating conditions used to develop integrated flow pattern maps. Some operating
pressures were not clearly reported. Only Vlasogiannis et al. [99] reported clearly
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Figure 2.2: Flow pattern map of vertical downward flow in PHEs using logarithmic scales [19, 83,
97–100]. The superficial velocities of the vapor and liquid phases are used in the axes. Separat-
ing lines are presented and the flow pattern descriptions are located in the zone. The reference
numbers in the legend indicate these studies and are listed in Table 2.1.

that the air flow was converted to atmospheric pressure. The outlets of the PHEs
were mostly connected to atmospheric vessels. When not reported, the operat-
ing pressure is taken as the atmospheric pressure added with 50% of the frictional
pressure drop. The operating pressures mainly affect the vapor density but have
limited effects on other fluid properties. The geometric details of the PHEs and
the flow distributors are also presented.

PRESENTATION OF ORIGINAL FLOW PATTERN MAPS

Flow pattern maps are composed of separating lines between flow patterns. In
order to build integrated flow pattern maps, the separating lines of the original
studies are firstly analyzed. Winkelmann [19] presented the data points of flow
patterns but without separating lines, which are assumed to be straight lines in
the original map.
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Figure 2.3: The separating lines between flow patterns reported in the different studies as the func-
tion of mass flux and the square root of vapor quality. The regions of film flow have better agree-
ment than other flow patterns. The reference numbers listed in the legend are given in Table 2.1.
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Except for Grabenstein et al. [97], all the studies presented the maps in the
form of two-phase superficial velocities (uG versus uL), which are combined in
Figure 2.2. In order to identify fluid properties and geometries, the two-phase
velocities should be nondimensionalized.

Dobson and Chato [106] investigated condensation in horizontal smooth tubes
and presented a flow pattern map in mass flux - vapor quality (G − x) axes. This
map has been widely adopted in tube studies [107]. Figure 2.3 presents sepa-
rating lines using G − x. The square root of vapor quality is used to expand the
regions of flow patterns at low vapor quality and to improve the readability.

2.3.3. DEVELOPMENT OF INTEGRATED FLOW PATTERN MAPS

This Section translates the original flow pattern maps to new maps by comparing
a series of axes combinations. ρGu2

G versus ρLu2
L and (W eGReG(Rv /(Rv +1)))0.5

versus (W eLReL(1/(Rv +1)))0.5 have been recommended [97, 108], but show poor
performance in the present analysis. The map of Reeq/Λ0.5 versus R0.5

v also per-
forms poorly. F rTP/Λ0.5 versus R0.5

v and ReL versus JG/Λ0.5 show better perfor-
mance, and will be further discussed.

FLOW PATTERN MAP BASED ON F rTP/Λ0.5 VERSUS R0.5
v

F rTP/Λ0.5 versus R0.5
v include superficial velocities, PHE geometries and fluid

properties [64]. Most fluid properties are computed using Refprop 9.1 [39], while
the surface tension of air/water is taken from Vargaftik et al. [109].

Figure 2.4 plots the separating lines and marks the zones of flow patterns.
The y-axis is limited to R0.5

v ≤20 to improve the readability. Thus some separating
lines from Winkelmann [19] are left out.

Figure 2.5 presents a simplified flow pattern map derived from Figure 2.4,
which identifies the main flow patterns. The flow is full film/partial film at large
volume ratio of gas to liquid. At small ratio, the flow changes from regular bub-
bly, irregular bubbly to slug flow with increasing Froude numbers. Transition be-
tween bubbly and film flow appears at small Froude numbers, while churn flow
is between slug and full film/partial film flow at large Froude numbers. The full
film/partial film flow also includes the annular, annular-liquid bridge, wavy and
rivulet flow. However, different flow patterns overlap in this map.

FLOW PATTERN MAP BASED ON ReL VERSUS JG/Λ0.5

Figure 2.6 involves ReL versus JG/Λ0.5, which identify inertia, viscous force and
gravity. ReL accounts for the non-dimensional liquid mass flux, while JG/Λ0.5

interprets the non-dimensional gas mass flux. This combination also identifies
mass flux and vapor quality. The map is simplified in Figure 2.7 to show the main
information. Dashed lines instead of solid lines are used between similar flow
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Figure 2.4: Flow pattern map of two-phase flow in PHEs, with non-dimensional quantities on the
x-axis (F rTP/Λ0.5) and y-axis (R0.5

v ) [19, 83, 97–100]. Definitions of the non-dimensional quantities
are explained in Eqs. 2.9, 2.19 and 2.25. Separating lines are presented and the flow patterns are
indicated. The reference numbers in the legend indicate these studies and are listed in Table 2.1.

patterns. Full film flow happens at small liquid mass fluxes even if the gas mass
fluxes are small. At larger liquid mass fluxes, the flow becomes regular bubbly,
irregular bubbly, slug, churn and full film flow with increasing gas mass fluxes.
Additionally, transition between bubbly flow and film flow takes place at inter-
mediate liquid mass fluxes. Partial film flow happens at small liquid mass fluxes
and large gas mass fluxes.

Constant vapor quality lines are constructed in this map. Eq. 2.31 is the ratio
of the axes and is the function of vapor quality, with κ1 and x calculated in Eqs.
2.32-2.33.

JG/Λ0.5

ReL
= GG

(g dhρG(ρL −ρG))0.5Λ0.5

µL

GLdh
= κ1

GG

GL
= κ1

x

1−x
(2.31)
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Figure 2.5: Simplified flow pattern map in PHEs, which uses non-dimensional quantities on the
x-axis (F rTP/Λ0.5) and y-axis (R0.5

v ). The characteristic fluid properties are these of air and water
at 25 °C and 150 kPa. Separating lines differentiate regular bubbly flow, irregular bubbly flow, slug
flow, churn flow, full film/partial film flow and transition between bubbly and film flow.

κ1 = µL

(g dhρG(ρL −ρG))0.5Λ0.5dh
(2.32)

x = GG

GG +GL
(2.33)

Constant overall mass flux lines are constructed by adding both axes as illus-
trated in Eqs. 2.34 and 2.35, with κ2 and G calculated in Eqs. 2.36-2.37.

JG

Λ0.5 +ReL = GG

(g dhρG(ρL −ρG))0.5Λ0.5 + GLdh

µL
= 1

κ2

(
GG +GL +

(
κ2

dh

µL
−1

)
GL

)
(2.34)

JG

Λ0.5 = 1

κ2

(
G +

(
κ2

dh

µL
−1

)
µL

dh
ReL

)
−ReL = G

κ2
− µL

κ2dh
ReL (2.35)
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Figure 2.6: Flow pattern map of two-phase flow in PHEs, with non-dimensional quantities on the
x-axis (ReL) and y-axis (JG/Λ0.5) [19, 83, 97–100]. The non-dimensional quantities are introduced
in Eqs. 2.12, 2.20 and 2.9. Separating lines are presented and the flow patterns are indicated. The
reference numbers in the legend indicate these studies and are listed in Table 2.1.

κ2 = (g dhρG(ρL −ρG))0.5Λ0.5 (2.36)

G =GG +GL (2.37)

The condensation process is depicted in this flow pattern map by identifying
a constant overall mass flux line with decreasing vapor quality. Figure 2.8 de-
picts the condensation of NH3. Full film flow and partial film flow cover a large
range for the vapor qualities above 0.5. Other flow patterns take place at low va-
por qualities. The flow pattern map is developed from air/water, and is used for
NH3. According to Dobson and Chato [106], the difference of fluid properties can
be identified by multiplying the superficial velocities of the refrigerant with the
square root of the density ratios. In this way the two-phase kinetic energies are
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Figure 2.7: Simplified flow pattern map in PHEs using non-dimensional quantities on the x-axis
(ReL) and y-axis (JG/Λ0.5). The characteristic fluid properties are these of air and water at 25 °C
and 150 kPa. Separating lines differentiate regular bubbly flow, irregular bubbly flow, slug flow,
churn flow, full film/partial film flow and transition between bubbly and film flow.

accounted for. The axes of this map are non-dimensional two-phase velocities.
The modifications are presented in Eqs. 2.38-2.39. Figure 2.8 shows the original
and modified condensation lines. The condensation lines move to film flow af-
ter modification. The vapor density of NH3 is larger than of air, while the liquid
density of NH3 is smaller than of water.

JG,mod =√
ρa,G/ρair JG (2.38)

ReL,mod =√
ρa,L/ρwReL (2.39)

COMPARISON WITH OTHER FLOW PATTERN MAPS

Buscher [101] carried out visualization experiments on air/water flowing in a
PHE horizontally, vertically upward and downward. The flow direction makes
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Figure 2.8: Simplified flow pattern map includes lines for constant overall mass flux and constant
vapor quality of NH3. The fluid properties of NH3 are determined at the saturated pressure of 690
kPa. The original and modified condensation lines are presented.

a difference only at small mass flow rates. This discussion is limited to verti-
cally downward flow. Injection nozzles were specially designed to promote uni-
form two-phase distribution across the channel width. The homogeneous void
fraction model is chosen to predict the transition among primary flow patterns.
Buscher’s flow pattern model excludes phase change and mass transfer [101].

As shown in Table 2.1, Buscher [101] described and classified the flow pat-
terns in detail. For the convenience of comparison in Figure 2.9, similar flow
patterns are combined. Regular and irregular bubbly flow includes roundish
bubbles, irregular blob-like bubbles and stagnant gas phase, whose transition is
determined by the bubble breakage. The bubble breakage is modelled according
to turbulent kinetic energy. Stagnant gas phase only happens for vertical down-
ward flow. Big bubbles stagnate behind the contact points when the mass flow
rates of liquid and vapor are very low. Intermittent flow is divided into bigger gas
unit and heterogeneous flow. The large bubbles are formed by the mergence of



2

52 2. LITERATURE REVIEW OF CONDENSATION MECHANISMS AND FLOW PATTERNS

Figure 2.9: Comparison of flow pattern maps. The integrated map of PHEs is compared with the
map of Buscher [101], which shows the separating lines among the primary flow patterns. This
map applies for the vertically downward flow of air-water.

small bubbles. Buscher [101] differentiated intermittent flow from slug flow or
churn flow. Slug flow and churn flow are considered to have periodical changing
of gas-liquid across the whole channel width, which are not observed. The par-
tial film flow termed by Buscher [101] is a combination of film flow and bubbly
flow, which is referred to as transition between bubbly and film in the integrated
map. Full film flow is also observed.

In Figure 2.9, the map of Buscher [101] covers the range of small and inter-
mediate gas mass fluxes. The transition mainly depends on the gas mass flux.
Regular and irregular bubbly flow takes place at small gas mass fluxes. It changes
into intermittent flow with more gas. The flow is full film when gas is dominant.
Two flow patterns happen simultaneously for the transition region between bub-
bly and film flow. The present map and Buscher’s map have similar transition
trends, but the separating lines diverge. The main reason for the divergence is
the assumption of operating pressures, which determine the vapor density and
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Figure 2.10: Comparison of flow pattern maps. The map of PHEs is compared with that of round
mini tubes, which are applicable for the vertically downward flow of air-water [102, 103].

gas mass fluxes.
The present flow pattern map is also compared with round mini tubes whose

diameters are close to the hydraulic diameters of PHEs. Flow patterns are the
functions of geometric structure, flow direction and working fluid [38, 102, 103].
The maps of air/water downward flow within mini tubes have been chosen for
comparison. Table 2.1 lists the reported flow patterns. Fukano and Kariyasaki
[102] treated elongated bubbly, slug and churn flow as intermittent flow [110].
Mehta and Banerjee [103] introduced the transition flow patterns of slug-bubbly
and slug-annular.

Figure 2.10 presents the comparison. According to Fukano and Kariyasaki
[102], the flow is annular at small liquid mass fluxes and large gas mass fluxes.
It becomes dispersed bubbly with more liquid and less gas. Annular flow and
dispersed bubbly flow are separated by a large region of intermittent flow.

In Figure 2.10, the separating lines from Mehta and Banerjee [103] are verti-
cal and horizontal, which indicates that the transition happens at constant mass
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fluxes of liquid or gas. The flow is annular at small liquid mass flux. Slug appears
at intermediate two-phase mass fluxes, and changes into churn with increasing
liquid and gas. Bubbly flow occurs at large amount of liquid and small amount
of gas. Slug-bubbly and slug-annular describe the gradual transition of flow pat-
terns.

The present flow pattern map agrees with the maps of tubes regarding the
position of flow patterns and transition trends. It is film flow when gas phase is
dominant, while bubbly flow appears when liquid dominates. When both phases
are of equivalent amount, the flow is slug or churn. Churn is the chaotic ver-
sion of slug. Nevertheless, the separating lines show poor agreement. This is
partly attributed to the determination of flow patterns. For instance, Fukano and
Kariyasaki [102] classified elongated bubbly flow as intermittent flow, which is
similar to irregular bubbly flow in the present map. Moreover, the separating
lines show a general shift. In the map of PHEs, the bubbly flow occupies a larger
region. Corrugation structure breaks up gas volume and suppresses the coales-
cence of bubbles. For PHEs, the separating line of film flow shifts to the left,
which corresponds to smaller liquid mass flux. Film flow is transformed into slug
or churn flow when the waves on the film surface are large enough to connect to
the film on the other side and to separate the gas in the center. Thus certain
amount of liquid is required. The corrugation of PHEs promotes the develop-
ment of waves and makes the transition happen with less liquid. PHEs enhance
the stir and mix of two-phase flow.

UNCERTAINTY OF INTEGRATED FLOW PATTERN MAPS

In the integrated flow pattern maps, the separating lines diverge. In other words,
different flow patterns overlap. The reasons are below:

Subjectivity of flow pattern determination: Flow patterns are determined
by subjective observation. The description of flow patterns is not standard. For
example, some researchers neglect the distinction between full film flow and par-
tial film flow. Additionally, the separating lines between flow patterns divide the
map sharply. In fact, flow patterns change gradually. Moreover, more than one
flow pattern can take place simultaneously, and the flow is described using the
dominant flow pattern.

Different structure of distributor: The distributors of PHEs affect the two-
phase distribution at the inlet. The liquid and vapor can be homogeneous or
separated depending on the mixing at the inlet area. The effect of distributor is
more prominent at the inlet and weakens along the flow direction. Table 2.2 lists
the structures of distributor used in the visualization experiments.

Unknown experimental conditions: Some geometric parameters of the plate
are not clearly defined, such as the wavelength,Λwave. The pressure, P , and tem-



2.4. FLOW PATHS

2

55

Figure 2.11: Flow paths in PHEs: (left) crossing flow at small chevron angle and (right) wavy longi-
tudinal flow at large chevron angle. Referring to Winkelmann [19].

perature, T , are not reported in every study and are assumed in these cases.

2.4. FLOW PATHS

Flow paths define the flow direction in a channel. Figure 2.11 represents the two
flow paths within the channel. The flow path is divided into crossing flow and
wavy longitudinal flow. For crossing flow, the fluid is from one side of the plate
to the other side. The fluid changes direction at the edge and moves along the
adjacent plate. For wavy longitudinal flow, the fluid changes direction at each
crossing point of two adjacent plates.

Flow paths depend on the PHE geometry. Crossing flow tends to occur in
PHEs with small chevron angles, while wavy longitudinal flow arises with larger
chevron angles [111]. Both paths usually exist simultaneously. The central spine
of the plate acts as a boundary to flow, directing approaching flow along the fur-
rows of the adjacent plate. The ratio of channel gap to corrugation wavelength,
dg/Λwave, also affects flow paths. A large ratio indicates deep grooves and inten-
sifies crossing flow [112]. Martin [20] presented the detailed description of flow
paths. Sarraf et al. [113] and Focke and Knibbe [111] confirmed that the two flow
paths coexist.

Flow paths are the functions of mass fluxes. According to the numerical sim-
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ulation of Sarraf et al. [113], crossing flow is dominant at small mass flux, and
gradually changes into wavy longitudinal flow with increasing mass flux. On the
contrary, Dović et al. [112] carried out visualization experiments and observed
stronger crossing flow for small mass flux.

2.5. CONCLUSIONS
In this Chapter, a literature review of condensation mechanisms and flow pat-
terns is presented for two-phase vertically downward flow in PHEs.

• The transition from gravity-controlled condensation to convective conden-
sation is determined by mass flux and vapor quality. Fluid properties affect
the transition mass flux. The influences of other factors are relatively small.

• Two integrated flow pattern maps are constructed making use of F rTP/Λ0.5

versus R0.5
v and ReL versus JG/Λ0.5. The second map better predicts the

transition of flow patterns in PHEs, and agrees qualitatively with the maps
for two-phase downward flow in mini-tubes.



3
ASSESSMENT OF CORRELATIONS

FOR HFCS, HCS AND HFOS

In this Chapter, condensation correlations in PHEs are summarized. An experi-
mental database are built. The correlations are assessed by comparison with the
database. Heat transfer correlations are classified according to the basic forms,
which are based on flow assumption and the determination of dominant influ-
encing factors. Among the correlations selected for assessment, Longo et al. [60]
and Kuo et al. [61] show the best predictive performance. Frictional pressure
drop correlations are classified into homogeneous flow and separated flow. The se-
lected correlations are assessed with the database, and the predictive performance
is poor. A new frictional pressure drop correlation is developed and is cross vali-
dated.

This Chapter is adapted from: Tao, X., Infante Ferreira, C. A., 2019. Heat transfer and frictional
pressure drop during condensation in plate heat exchangers: Assessment of correlations and a
new method. Int. J. Heat Mass Transf. 135, 996-1012 [18].

57
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3.1. SUMMARY OF EXPERIMENTAL DATABASE
To assess the correlations of heat transfer and frictional pressure drop in avail-
able literature, this Section develops an experimental database and gives a sum-
mary in Table 3.1. Only condensation experiments are involved, and the flow is
always vertically downward. There are 2376 heat transfer data points and 1590
frictional pressure drop data points. The test sections are brazed plate heat ex-
changers (BPHEs) or gasketed plate heat exchangers (GPHEs). For circular shell
and plate heat exchangers (SPHEs), the heat transfer and flow characteristics are
different due to the circular plates [114]. Most data were determined by overall
measurements, while local HTCs were also measured [19, 27, 72, 83, 89, 115]. The
composition of the heat transfer database is further presented in Figure 3.1. The
working fluids are pure refrigerants (HFCs, HCs, HFOs and CO2), near-azeotropic
mixtures (R410A and R404A) and one zeotropic mixture (R407C). R134a and R410A
account for approximately half of the database. Data for NH3 are not available.
The classifications of chevron angles and hydraulic diameters are discrete, span-
ning the ranges of 25.7°-70° and 3.2-8.1 mm, respectively. The mass fluxes are
from 0 to 150 kgm−2s−1, and mostly have small and intermediate values. The
saturated temperatures are mostly concentrated in 20-40 °C. All the data below
0 °C are from the condensation of CO2 [75]. The reduced pressures are nearly
evenly distributed from 0 to 0.5.

Most inlet conditions are saturated two-phase or superheated vapor, while
the outlets are saturated two-phase or subcooled liquid. Some of the inlets and
outlets are controlled to be saturated vapor and saturated liquid, respectively
[82, 83]. In terms of superheating and subcooling, some research assumed that
single-phase regions for de-superheating or subcooling do not appear, and used
the saturated temperature for data reduction [76, 80, 81, 84–86]. However, Hayes
et al. [75, 116] predicted the areas of de-superheating and subcooling regions
using single-phase HTCs, and calculated the HTCs and frictional pressure drop
for two-phase region. Local measurements determined the starting and end-
ing points of condensation directly, allowing the calculation of the local HTCs
[19, 27, 72, 89, 115].
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In fact, at the superheated inlets, when the wall temperature is below the
saturated temperature, the vapor starts to condensate without specific vapor re-
gions [90, 120]. The heat flux is transferred for phase change and de-superheating
simultaneously [91]. The appearance of vapor regions is determined by the su-
perheating degree, mass fluxes and heat fluxes. The onset of condensation hap-
pens earlier when the mass flux is smaller and the heat flux is larger [121, 122].
When the condensers were connected with compressors, the superheating was
significant, and the vapor regions were excluded by local measurements [72, 89,
115]. According to the infrared measurement of Sarraf et al. [91], the areas of
de-superheating regions decreased for smaller superheating degrees. Based on
calculation, Mancin et al. [76] claimed that the vapor region did not appear for
their experimental data since the wall temperature was below the saturated tem-
perature.

The subcooling at the outlet is less investigated. Since the liquid film is sub-
cooled by the wall, vapor phase remains present when the bulk vapor quality
becomes 0 [121]. The appearance of liquid regions is expected to depend on the
subcooling degree. The experiments of Longo [84–86] had small subcooling de-
grees, and the author assumed that there was no liquid region. Zhang et al. [66]
and Sarraf et al. [91] considered the de-superheating and saturated two-phase
regions as a whole, but subtracted the subcooling region.

To compare the correlations with the experimental data in Sections 3.3 and
3.5, assumptions are made if operating parameters are not clearly reported in the
original papers. In PHEs, the vapor quality usually changes largely because of the
small mass fluxes and large heat transfer areas. The averaged vapor qualities of
the inlet and outlet represent the operating conditions. In the papers, both actual
heat transfer areas and projected heat transfer areas are used during data reduc-
tion. The present database conforms the HTCs to the values based on actual heat
transfer areas, so the experimental data can be compared with the correlations.
Some of the geometric parameters are missing and are calculated according to
the equations in Section 1.2 [10]. Fluid properties are determined using Refprop
9.1 and updated files from NIST [39]. Most of the frictional pressure drop data
are collected under the same operating conditions as for heat transfer.

3.2. HEAT TRANSFER CORRELATIONS
Section 2.2 reviews the condensation mechanisms in PHEs [10]. In gravity- con-
trolled regime, according to Nusselt’s theory, the thickness of the condensate film
increases with mass flux and deteriorates the heat transfer. In fact, the waves at
the condensate surface cannot be eliminated, and the HTCs may stay constant.
Convective condensation is governed by interfacial shear, where HTCs mostly in-
crease with mass flux. The transition of the condensation mechanisms is primar-
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Figure 3.1: Composition of the heat transfer database divided by (a) Refrigerants, (b) Chevron
angles, (c) Hydraulic diameters, (d) Mass fluxes, (e) Saturated temperatures, (f) Reduced pressures.
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ily contributed by mass flux and vapor quality. Higher vapor quality enhances
heat transfer for most refrigerants, except for steam [74].

Condensation heat transfer correlations from different groups are summa-
rized in this Section, which calculate the HTCs based on actual heat transfer ar-
eas unless otherwise explained. All the correlations predict the averaged HTCs
except for Shi et al. [72]. The correlations are classified by the basic forms that
were firstly presented or widely accepted. Some of them are developed by modi-
fying the basic forms.

3.2.1. NUSSELT CORRELATION

The classical Nusselt correlation shown in Eq. 3.1 was originally proposed for
laminar film condensation on a vertical plate with saturated vapor [79]. Longo
et al. [60] adopted Eq. 3.2 for saturated condensation in the gravity-controlled
regime within PHEs. φ is the surface enlargement factor of the plates calculated
by Eq. 1.2. Moreover, Webb [123] and Longo et al. [60] extended the application
to superheated vapor by adding the de-superheating specific enthalpy change to
the latent heat, as indicated in Eq. 3.3.

Nugc =
αgcLp

λL
= 0.943

(
gρL(ρL −ρG)L3

P∆hLG

µLλL∆T

)0.25

(3.1)

Nugc =
αgcLp

λL
= 0.943φ

(
gρL(ρL −ρG)L3

P∆hLG

µLλL∆T

)0.25

(3.2)

∆hsup =∆hLG + cp,G(Tsup −Tsat) (3.3)

3.2.2. AKERS CORRELATION

Akers et al. [52] presented heat transfer correlations of convective condensation
for horizontal tubes by using Reeq, which is shown in Eq. 3.4. In Eq. 3.5, Longo et
al. [60] calculated the HTCs of saturated vapor based on projected heat transfer
areas, and φ is included. Yan et al. [71] chose different parameters as shown in
Eq. 3.6. Zhang et al. [66] considered the influence of heat flux by including Bo in
Eq. 3.7. Shon et al. [73] proposed Eq. 3.8 for R1233zd(E).

Nucc = αccdh

λL
= aRem

eqPr n
L (3.4)

Nucc = αccdh

λL
= 1.875φRe0.445

eq Pr 0.333
L (3.5)

Nucc = αccdh

λL
= 4.118Re0.4

eq Pr 0.333
L (3.6)
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Table 3.2: Constants in Eqs. 3.11-3.12, depending on the plate combination.

Plates a m k

30°/30° 0.325 0.62 0.4
30°/60° 3.2 0.46 0.3
60°/60° 3.77 0.43 0.14

Nucc = αccdh

λL
= 4.3375Re0.5383

eq Pr 0.333
L Bo−0.3872 (3.7)

Nucc = αccdh

λL
= 2.337Re1.024

eq Re−0.294
LO Pr 0.333

L Bo0.361 (3.8)

Han et al. [87] added geometric parameters to the basic Akers correlation as
shown in Eq. 3.9, whereΛwave is the corrugation wave length andβ is the chevron
angle in the unit of radian. In Eq. 3.10, Soontarapiromsook et al. [119] considered
the surface roughness of the plates, whose influence is relatively small compared
with chevron angles.

Nucc = αccdh

λL
=

(
11.22

(
Λwave

dh

)−2.83

β−4.5
)

Re
0.35

(
Λwave

dh

)0.23
β1.48

eq Pr 0.333
L (3.9)

Nucc = αccdh

λL
= 5.095×10−6Re0.566

eq Pr 9.753
L

(
δ

dh

)0.121

(3.10)

The correlation of Würfel and Ostrowski [96] also involves geometry as shown
in Eq. 3.11, and is based on projected heat transfer areas. This Reynolds number
is calculated in Eq. 3.12. Both Nucc and Reh depend on the chevron angles of
neighbouring plates, which are listed in Table 3.2. The vapor quality in Eq. 3.12
is the averaged value and is 0.5 for complete condensation.

Nucc = αccdh

λL
= aRem

h Pr 0.333
L (3.11)

Reh = G((1−xav)+xav(ρL/ρG)k )dh

µL
(3.12)
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3.2.3. WEBB CORRELATION

In Eq. 3.13, Webb [123] proposed a theoretical model for superheated conden-
sation inside tubes, and applied this model to the inside of enhanced tubes and
outside of a bundle of tubes. The driving temperature difference is between sat-
urated temperature and wall temperature. Both latent heat and sensible heat
contribute to heat transfer. αsat is the condensation HTC of saturated vapor; αG

is the single-phase HTC between superheated vapor and two-phase interface.
cp,Gq̇LG/∆hLG accounts for the movement of the condensing vapor to the inter-
face, which enhances single-phase heat transfer, where q̇LG is the local heat flux
due to phase change only. The temperature ratio term approaches zero as the
superheating vanishes. Longo et al. [60] extended this model to PHEs.

αsup =αsat +
Tsup −Tsat

Tsat −Twall

(
αG + cp,Gq̇LG

∆hLG

)
(3.13)

3.2.4. SHAH CORRELATION

Shah [56] presented a correlation for condensation in horizontal, vertical, and in-
clined tubes by modifying the liquid only HTC, which is shown in Eqs. 3.14-3.15.
Liquid only HTC, αLO, assumes all the fluid is liquid, and in fact single-phase
HTC applies. Vapor quality and reduced pressure were included. This corre-
lation was verified by extensive experimental data, and was widely adopted to
PHEs. Since the geometric structures of both condensation side and cooling wa-
ter side are the same, the same correlation applies toαLO and the HTC of cooling
water. Kuo et al. [61] presented the single-phase heat transfer correlations of
both refrigerant and cooling water, which are almost the same [71].

αcc =αLO

(
(1−x)0.8 + 3.8x0.76(1−x)0.04

(Psat/Pcr)0.38

)
(3.14)

αLO = 0.023Re0.8
LOPr 0.4

L
λL

dh
(3.15)

Shi et al. [72] determined the parameters in Eq. 3.16 by minimizing the pre-
diction errors, but αLO is not given. Since this correlation is derived from local
measurement data, it is considered to predict local HTC. Additionally, Eqs. 3.17-
3.18 from Thonon and Bontemps [82] identify gravity-controlled condensation,
and indicate the negative influence of mass flux. These correlations calculate
the HTCs of projected heat transfer areas. Kuo et al. [61] proposed HTC in Eqs.
3.19-3.20, which is a function of Co2 in Eq. 2.4, F rL in Eq. 2.18 and Bo in Eq. 2.28.

αcc =αLO

(
(1−x)0.8 + 3.00388x1.296

(1−x)0.496(Psat/Pcr)0.648

)
(3.16)
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αcc = 1564Re−0.76
eq αLO (3.17)

αLO = 0.347Re0.653
LO Pr 0.33

L
λL

dh
(3.18)

αcc =αLO
(
0.25Co−0.45

2 F r 0.25
L +75Bo0.75) (3.19)

αLO = 0.2092Re0.78
LO Pr 0.333

L

(
µav

µwall

)0.14 λL

dh
(3.20)

Palmer et al. [70] developed correlations for small mass flux and heat flux.
Several refrigerants were tested containing two kinds of lubricants. The exper-
imental data show different trends, which indicates the influence of lubricants.
Two correlations were consequently proposed. R22, R290 and R290/R600a were
lubricated with mineral oil, and the correlation is presented in Eqs. 3.21-3.22. αL

is liquid HTC and assumes that the liquid phase flows alone; φL is the two-phase
friction multiplier; Xtt is the Lockhart-Martinelli parameter; Ga is calculated in
Eq. 2.21. R32/R152a was lubricated with polyol ester oil and was calculated by
Eq. 3.24.

αcc =α0.387
L φ0.0824

L Ga0.346
(

Psat

Pcr

)1.5 (
−log10

Psat

Pcr

)1.5 (
λL

dh

)0.613

(3.21)

αL = 0.16Re0.89
L Pr 0.3

L
λL

dh
(3.22)

φL =
(

1+ 12

Xtt
+ 1

X 2
tt

)0.5

(3.23)

αcc =α0.298
L Ga0.346

(
Psat

Pcr

)1.5 (
−log10

Psat

Pcr

)1.5 (
λL

dh

)0.702

(3.24)

3.2.5. MANCIN CORRELATION

Mancin et al. [81] proposed to combine gravity-controlled condensation and
convective condensation in Eq. 3.25. Nusselt correlation in Eq. 3.1 was used
for gravity-controlled condensation. The correlation from Cavallini et al. [68]
was chosen for convective condensation in Eq. 3.26, which also includes αLO.

αc =
(
α2

gc +α2
cc

)0.5
(3.25)
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αcc =αLO

(
1+1.128x0.817

(
ρL

ρG

)0.3685 (
µL

µG

)0.2363 (
1− µG

µL

)2.144

Pr−0.1
L

)
(3.26)

In a later paper, Mancin et al. [76] improved this correlation by consider-
ing the transition between gravity-controlled condensation (temperature driv-
ing force dependent regime) and convective condensation (temperature driving
force independent regime) proposed by Cavallini et al. [68]. The transition is
determined by non-dimensional gas velocity, JG, in Eq. 2.20.


JG ≤ JG,low, gravity−controlled condensation
JG,low < JG < JG,high, transition regime
JG ≥ JG,high, convective condensation

(3.27)

JG,low = 0.89−0.93e
−0.087

((
1
x −1

)0.8
(

Psat
Pcr

)0.4
)−1.17

(3.28)

JG,high =


 7.5

4.3

((
µL

µG

)0.1 (
ρG

ρL

)0.5 (1−x
x

)0.9
)1.11

+1


−3

+2.6−3


−0.333

(3.29)

Eq. 3.30 gives the HTC of gravity-controlled condensation, while Eq. 3.26
calculates convective condensation. Eq. 3.31 is applied in the transition regime.

Nugc = 1.1316

(
gρL(ρL −ρG)L3

P∆hLG

µLλL∆T

)0.25

(3.30)

αc =αgc +
JG − JG,low

JG,high − JG,low

(
αcc −αgc

)
(3.31)

3.2.6. WANG CORRELATION

In Eq. 3.32, Wang and Zhao [74] identified the subcooling of condensate. Dur-
ing condensation, the liquid film is considered to have lower temperature than
the saturated temperature. The density ratio indicates the influence of reduced
pressure. ReL is defined in Eq. 2.12. Instead of the averaged vapor quality, the
vapor quality of the PHE outlet is used here, which shows the feature of partial
condensation. Ja is calculated in Eq. 2.30. Jokar et al. [65] added more property
parameters in Eq. 3.33.
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Table 3.3: Constants and application range of Eq. 3.34, depending on the plate combinations.

Plates C1 C2 C3 C4 C5 C6 C7 ReLO

30°/30° 0.37 0.706 0.35 -0.91 0.16 0.032 1.18 67-1276
30°/63° 0.16 0.727 0.35 -0.90 0.17 0.147 1.00 164-1233
63°/63° 0.11 0.771 0.35 -0.92 0.12 0.0105 2.00 129-1156

Nucc = αccdh

λL
= 0.00115

(
ReL

Ja

)0.983

Pr 0.333
L

(
ρL

ρG

)0.248

(3.32)

Nucc = αccdh
λL

=
3.371Re0.55

L Pr 0.3
L Ja−1.05

(
G2

ρ2
Lcp,L(Tsat−Twall)

)0.25 (
ρLσ
µLG

)0.05 (
ρL

ρL−ρG

)2 (3.33)

Hayes et al. [75] presented Eq. 3.34 and Table 3.3, which are derived from
the complete condensation of CO2 by excluding the single-phase areas of de-
superheating and subcooling. The tested PHEs had three combinations of chevron
angles.

Nucc = αccdh

λL
=C 1ReC 2

LOPr C 3
L JaC 4

(
G2

ρ2
Lcp,L (Tsat −Twall)

)C 5 (
ρLσ

µLG

)C 6 (
ρL

ρL −ρG

)C 7

(3.34)

3.2.7. WINKELMANN CORRELATION

Winkelmann [19] claimed that vapor quality is more influential than mass flux.
According to Eq. 3.35, the Convection number, Co, as shown in Eq. 2.3, is more
relevant than Reeq.

Nucc = αccdh

λL
= 94Co−0.46Pr 0.333

L 0.07 <Co < 0.28 (3.35)

3.2.8. CORRELATION FOR MIXTURES

To predict mixture condensation, Thonon and Bontemps [82] referred to the cor-
relation of Silver [124] and Bell and Ghaly [125] in Eq. 3.36. Molecular diffusion
in the vapor phase induces mass transfer resistance, and deteriorates the heat
transfer. The mass transfer resistance is assumed to be proportional to the heat
transfer resistance of the vapor, α−1

G , and to the derivative of temperature with
enthalpy, dT /dh.
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αc,mix =
(
α−1

c,pure +xcp,G
dT

dh
α−1

G

)−1

(3.36)

3.3. ASSESSMENT OF HEAT TRANSFER CORRELATIONS
Generally, the basic forms of heat transfer correlations only include the domi-
nant parameters. To improve the accuracy in certain operating conditions, the
modified forms change the indexes and multipliers, or involve the parameters
of fluid property and geometry. But the modifications may not be applicable
beyond the tested range. In this Section, eight correlations are compared with
the experimental database introduced in Section 3.1, and are assessed in wider
ranges. These correlations are representative for the different basic forms. The
correlations of Longo et al. [60] and Thonon and Bontemps [82] are derived from
projected heat transfer areas, and are converted to the HTCs of actual heat trans-
fer areas for comparison. Several assumptions are made to supplement the miss-
ing information:

• For the experimental data of superheated inlet and subcooled outlet, some
researchers subtracted the single-phase areas for de-superheating and sub-
cooling [19, 27, 72, 75, 89, 115, 116], while others assumed no single-phase
region when the superheating degree or subcooling degree is small [76, 80,
81, 84–86]. In these cases, the vapor qualities are taken as 1 or 0. The aver-
aged vapor quality of 0.5 and saturated temperature are inputted to calcu-
late the HTC.

• The surface enlargement factor,φ, is calculated from channel gap and cor-
rugation wavelength. The hydraulic diameter, dh, is the ratio of the equiv-
alent diameter, de to φ. The details are presented in Section 1.2.

• The heat flux varies with mass flux, and is used to calculate Bo. When
not specified, the heat flux is determined by the enthalpy change and heat
transfer area.

• The temperature difference between the condensate and wall is reported
in Mancin et al. [76, 80, 81] and Hayes et al. [75]. It is calculated from
the heat flux and experimental HTC when not specified. This temperature
difference is involved in the HTCs for gravity-controlled condensation and
Jakob number, Ja.

Figure 3.2(a) assesses the correlation of Longo et al. [60], Eq. 3.5. It pre-
dicts 93.0% of the experimental data within ±50%, which is the best prediction
among the selected correlations. High HTCs, which correspond to large mass
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fluxes and high vapor qualities, are slightly under-predicted. This correlation
is derived from the experimental data of complete condensation, and the mass
fluxes are less than 45 kgm−2s−1. The experimental data of CO2 [75] are over-
predicted since the fluid properties are significantly different from other refrig-
erants. The thermal conductivity of liquid CO2 is large, and the reduced pressure
is high during condensation. This over-prediction is more significant for small
HTCs.

In Figure 3.2(b), the prediction of Yan et al. [71] is similar to Longo et al. [60],
but low HTCs, which correspond to small mass fluxes, are over-predicted. This
correlation predicts more than half of the experimental data within ±50%. It has
been developed from partial condensation in the range of 60-120 kgm−2s−1 and
for the averaged vapor qualities of 0.1-0.9.

In Figure 3.2(c), the prediction of Han et al. [87] is lower than a large por-
tion of the experimental data, and shows sensitivity to geometric parameters. As
shown in Table 3.1, the experimental data of Han et al. [87] were obtained from
three geometries, where dh and Λwave are smaller than for most other papers.
This correlation seems to be only applicable to the tested geometric parameters.

In Figure 3.2(d), the correlation of Kuo et al. [61] slightly under-predicts the
experimental data. 88.4% of the experimental data are predicted within ±50%,
which is the second best. This correlation involves the influence of heat flux by
using Bo, and the heat flux is in the range of 10000-20000 Wm−2. The under-
prediction of Thonon and Bontemps [82] and Han et al. [87] is noticeable as
these experimental data had smaller heat fluxes.

In Figure 3.2(e), the correlation of Thonon and Bontemps [82] predicts their
own data accurately, but the predicted values decrease with the experimental
data from other researchers. This correlation is derived from the experimental
data of small mass fluxes (around 2-20 kgm−2s−1). According to this correlation,
the HTCs decrease with larger mass fluxes for gravity-controlled condensation.
This sensitivity is over-estimated. It is not suitable for convective condensation,
especially at large mass fluxes.

In Figure 3.2(f), the correlation of Palmer et al. [70] over-predicts most of the
experimental data. The working fluid of this correlation is the mixture of several
refrigerants and oil. Moreover, it is developed for small mass fluxes.

In Figure 3.2(g), the correlation of Mancin et al. [81] combines gravity- con-
trolled condensation and convective condensation using an asymptotic power-
law. This correlation was recommended by Sarraf et al. [27]. Sarraf et al. [27] used
an infrared camera to measure the end plates temperature of working fluid side
and cold water side. The temperature difference between the plate and fluid is
assumed to be negligible, and the plate temperature represents the fluid. These
local HTCs span a large range and cannot be predicted by other correlations. Sar-
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raf et al. [27] argued that the local HTCs based on infrared measurement are
higher than the overall HTCs. Constant heat flux is assumed to determine the
overall HTCs, but this assumption can hardly be reasonable.

In Figure 3.2(h), the correlation of Hayes et al. [75] is the only one proposed
for CO2, but over-predicts most other refrigerants. This correlation excludes the
areas of de-superheating and subcooling regions during data reduction, without
quantifying the influence of vapor qualities. It is developed using dimensional
analysis. The applicability seems to be limited to the complete condensation of
CO2.

The correlation of Longo et al. [60] is derived from the complete conden-
sation of several refrigerants as shown in Table 3.1. The mass fluxes are 5 - 45
kgm−2s−1. This correlation can be expanded to the ranges described in Table 3.1,
but is less suitable for CO2. NH3 is not included in the experimental database
and requires further investigation. During the condensation in PHEs, gravity-
controlled condensation takes place at small mass fluxes and low vapor qualities
[27, 77, 78, 80–82]. Eq. 3.5 is originally developed for convective condensation,
and predicts the HTCs of gravity-controlled condensation within ±50%.

Condensation mechanisms are the function of vapor qualities, whose influ-
ence is remarkable during partial condensation. The condensation mechanisms
are determined by the two-phase flow distribution and interaction at the inter-
face. The correlation of Longo et al. [60] involves Reeq, and assumes homoge-
neous two-phase flow. The equivalent fluid properties are considered as a com-
bination of liquid and vapor [52]. The correlation of Kuo et al. [61] assumes sepa-
rated flow, and also shows satisfactory prediction. This correlation calculates the
liquid only HTCs, and considers the heat transfer enhancement contributed by
vapor flow and heat flux [56, 63]. The knowledge of flow patterns helps to develop
a mechanistic model for condensation within PHEs [68, 106, 126].

3.4. FRICTIONAL PRESSURE DROP CORRELATIONS
Section 2.2 summarized the influencing factors of frictional pressure drop [10].
The contributing factors of heat transfer generally increase frictional pressure
drop. Despite the condensation mechanisms, frictional pressure drop increases
with mass flux and vapor quality monotonically. The other influencing factors
are plate geometry, condensation pressure, superheating and heat flux. This
Section presents frictional pressure drop correlations. The two-phase frictional
pressure drop correlations are suggested to be classified into three types [21].
Two-phase Fanning friction factors assume homogeneous flow, while Lockhart-
Martinelli’s model is based on separated flow. Kinetic energy model is origi-
nally proposed by modifying the homogeneous void fraction model. Lockhart-
Martinelli model and Kinetic energy model were first developed for adiabatic
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Figure 3.2: Comparison of heat transfer correlations with experimental data: (a) Longo et al. [60],
(b) Yan et al. [71], (c) Han et al. [87], (d) Kuo et al. [61], (e) Thonon and Bontemps [82], (f) Palmer
et al. [70], (g) Mancin et al. [81], (h) Hayes et al. [75]. Number of experimental data (N); Mean

error (ME): 1
n

∑n
1
αpre−αexp

αexp
; Mean absolute error (MAE): 1

n
∑n

1
|αpre−αexp|

αexp
; Root mean squared error

(RMSE):

√
1
n

∑n
1

(
αpre−αexp

αexp

)2
; Per±30%: Percentage of experimental data within ±30%; Per±50%:

Percentage of experimental data within ±50%.
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flow and later extended to condensation.

3.4.1. TWO-PHASE FANNING FRICTION FACTOR

Two-phase Fanning friction factors assume homogeneous flow, and the two-phase
flow is regarded as single equivalent fluid flow. The frictional pressure drop is cal-
culated similarly to single-phase in Eq. 3.37.

∆PTP = 2 fTP
G2

ρav

Lp

dh
(3.37)

Kuo et al. [61] presented a correlation including Reeq and Bo in Eq. 3.38.
The correlation of Yan et al. [71] in Eq. 3.39 is similar, but under-predicts the
experimental database significantly. The predictions of Eq. 3.40 from Shi et al.
[72] are also lower than the experimental data. In Eq. 3.41, Zhang et al. [66] used
W ehomo to involve surface tension. Shon et al. [73] proposed a correlation as
given in Eq. 3.42.

fTP = 21500Re−1.14
eq Bo−0.085 (3.38)

fTP = 94.75Re−0.0467
eq Re−0.4

LO Bo0.5
(

Psat

Pcr

)0.8

(3.39)

fTP = 350188Re−2.19
eq Bo−0.23

eq (3.40)

fTP = 0.0146Re0.9814
eq W e−1.0064

homo (3.41)

fTP = 1261.067Re−0.411
eq Re−0.57

LO (3.42)

Han et al. [87] considered geometric parameters in Eq. 3.43. Accordingly,
frictional pressure drop increases with chevron angles dramatically. Soontara-
piromsook et al. [119] investigated the surface roughness of the plates and pro-
posed Eq. 3.44. In Eq. 3.45, Jokar et al. [65] used the modified Reynolds number,
Remod, calculated from the averaged dynamic viscosity in Eq. 2.14.

fTP = 3521.1

(
Λwave

dh

)4.17

β−7.75Re
−1.024

(
Λwave

dh

)0.0925
β−1.3

eq (3.43)

fTP = 2671.743Re−0.818
eq

(
δ

dh

)0.065

(3.44)

fTP = 2.139×107Re−1.6
mod 960 < Remod < 4160 (3.45)
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Table 3.4: Constants of Eq. 3.46, depending on the plate combinations.

Plates C 1 C 2

30°/30° 1837.4 -0.817
30°/63° 10.65 0
63°/63° 1221.3 -0.815

Hayes et al. [116] tested CO2 condensation in the same PHEs as the exper-
iments leading to Eq. 3.34 and Table 3.3, and proposed Eq. 3.46 and Table 3.4.
This correlation depends on the chevron angles of the PHEs.

fTP =C 1ReC 2
LO (3.46)

Amalfi et al. [21, 53] developed an experimental database of two-phase fric-
tional pressure drop under evaporative and adiabatic conditions, and proposed
Eq. 3.47. This correlation predicts the database well. β/βmax is the ratio of
chevron angle, where βmax is the maximum chevron angle and is 70°.

fTP = 15.698

(
2.125

(
β

βmax

)9.993

+0.955

)
W e−0.475

homo Bd 0.255
(
ρL

ρG

)−0.571

(3.47)

3.4.2. LOCKHART-MARTINELLI MODEL

Lockhart-Martinelli model [57] was originally proposed in a graphical form, and
was further developed by Chisholm [58] into correlations in Eqs. 3.48-3.50. This
model is derived from the separated, adiabatic flow of air and liquids in tubes. C
is determined by the flow regime combinations of liquid and vapor (laminar or
turbulent). X is the Lockhart-Martinelli parameter; φL is the two-phase friction
multiplier. In Eqs. 3.51-3.52, the liquid frictional pressure drop, ∆PL, presumes
the liquid flows alone; the vapor frictional pressure drop,∆PG, assumes the vapor
flows alone; ∆PTP is the two-phase frictional pressure drop.

φ2
L = 1+ C

X
+ 1

X 2 (3.48)

X 2 = ∆PL

∆PG
(3.49)

φ2
L = ∆PTP

∆PL
(3.50)

∆PL = 2 fL
G2

L

ρL

Lp

dh
= 2 fL

G2(1−x)2

ρL

Lp

dh
(3.51)
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Table 3.5: Constants of Eq. 3.57, depending on the plate combinations.

Plates 30°/30° 30°/60° 60°/60°

F 0.1 0.1 0.5

∆PG = 2 fG
G2

G

ρG

Lp

dh
= 2 fG

G2x2

ρG

Lp

dh
(3.52)

In Eq. 3.53, Winkelmann [19] predicted his experimental data of adiabatic
air-water and condensing R134a within PHEs. The single-phase Fanning friction
factors of liquid and vapor are calculated in Eq. 3.54, where the Reynolds number
is ReL in Eq. 2.12 and ReG in Eq. 2.13.

φ2
L = 1+ 6

X
+ 1

X 2 0.01 ≤ X ≤ 1 (3.53)

f =
{

0.3+53Re−1, 10 < Re < 1700
Re−0.135, 1700 < Re < 50000

(3.54)

In Eq. 3.55, Nilpueng and Wongwises [100] modified the original model to
predict their experimental data of upward and downward flow. The single-phase
Fanning friction factor is calculated in Eq. 3.56.

φ2
L = 1.339+ 4.492

X
(3.55)

f = 4.929Re−0.22 (3.56)

Wang and Zhao [74] extended this model to steam condensation in a PHE,
and proposed a graphical relation between X and φL .

Würfel and Ostrowski [96] proposed Eq. 3.57 for the condensation of water
and n-heptane. F depends on the chevron angles of plates in Table 3.5.

φ2
L = F

X 2
tt

(3.57)

3.4.3. KINETIC ENERGY MODEL

In Eqs. 3.58-3.59, Jassim et al. [127] developed a kinetic energy model for adia-
batic two-phase flow within PHEs, which was in vertical upward direction. K E/V
is the kinetic energy per unit volume. The void fraction, ε, depends on the pre-
vailing flow patterns. The homogeneous void fraction model over-predicts the
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kinetic energy, while the selected separated flow models under-predict the ki-
netic energy. Thus an effective void fraction was recommended by modifying
the homogeneous model. The effective void fraction is between the values of
homogeneous and separated models, and depends on the PHE structures. The
authors concluded that inertial effects, rather than viscous effects, dominate the
frictional pressure drop.

∆PTP = ζK E

V
= ζ G2

2ρav
(3.58)

ρav = (1−ε)ρL +ερG (3.59)

Longo [77, 78] adopted the kinetic energy model for condensation in a PHE,
which was vertically downward. The flow is assumed to be homogeneous and is
represented by the averaged two-phase density in Eq. 2.5. ζ is 2 for HFCs and 1.9
for HCs.

3.5. ASSESSMENT OF FRICTIONAL PRESSURE DROP CORRELA-
TIONS

In this Section, six representative correlations are compared with the experimen-
tal database collected in Section 3.1. ζ of the kinetic energy model depends on
the PHE structures. Thus this model is not assessed. The majority of experi-
ments have been carried out to obtain both heat transfer and frictional pressure
drop data, and the operating conditions are the same. The assumptions for heat
transfer data in Section 3.3 also apply to this Section. The frictional pressure
drop is compared in gradient form. Some experimental data have superheated
inlet and subcooled outlet. Sarraf et al. [91] and Hayes et al. [116] excluded the
single-phase areas and obtained the two-phase pressure drop, but the lengths of
two-phase areas were not given. Djordjević et al. [89] and Shi et al. [72] tested the
local frictional pressure drop without providing the test length. Thus these exper-
imental data could not be included. Xiao and Hrnjak [121] suggested to predict
frictional pressure drop of two-phase from the onset of condensation. When the
superheating degree or subcooling degree is small and no single-phase region is
assumed, the lengths of two-phase regions are the PHE lengths [76–78, 80, 81, 86].

In Figure 3.3(a), the prediction of Kuo et al. [61] is generally higher than
the experimental data. The predicted data are more scattered for small pressure
drop, which corresponds to small mass fluxes.

In Figure 3.3(b), the correlation of Han et al. [87] predicts their data well but
is not applicable for other experiments. Eq. 3.43 is especially sensitive to chevron
angles, which over-predicts the experimental data of large chevron angles, and
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under-predicts small chevron angles. The data of Winkelmann [19] are signifi-
cantly under-predicted because of the small chevron angle. In Figure 3.3(c), the
correlation of Hayes et al. [116] over-predicts a large portion of the experimental
data.

In Figure 3.3(d), Amalfi et al. [53] predicts 52.7% of the data within ±50%,
which is relatively good. This correlation agrees well with the experimental data-
base of evaporation and adiabatic processes. The gradient of vapor quality is
opposite during evaporation and condensation.

In Figures 3.3(e) and 3.3(f), the correlations of Winkelmann [19] and Nilpueng
and Wongwises [100] generally under-predict the experimental data. Nilpueng
and Wongwises [100] modified the original Lockhart-Martinelli model. Some of
the predicted values decrease with the increasing experimental data of Yan et al.
[71], Kuo et al. [61] and Winkelmann [19].

3.6. A NEW FRICTIONAL PRESSURE DROP CORRELATION

The prediction of frictional pressure drop is poor compared with heat transfer.
This Section develops a new frictional pressure drop correlation using multi-
variable regression analysis. The experimental database is composed of HFCs,
HCs and HFOs, which generally have small two-phase density ratio. In Figures
3.3(e) and 3.3(f), these experimental data are under-predicted by modified Lockhart-
Martinelli models [19, 100]. Lockhart-Martinelli model is more suitable for fluids
of large two-phase density ratio [57]. In Figures 3.3(a) and 3.3(d), the disagree-
ment between the correlations and the experimental data shows overall over-
prediction [53, 61]. The two-phase Fanning friction factor approach has the po-
tential to accurately predict these experimental data.

The shear force is a function of mass flux, vapor quality, heat flux, conden-
sation pressure, fluid properties and plate geometries [10]. These influencing
factors are expressed using the non-dimensional numbers listed in Section 2.1:
Xtt, Co, Reeq, ReL, ReLO, ReG, W ehomo, W eL, F rL, JG, Bd , Bo, Psat/Pcr and β.

The two-phase Fanning friction factor is derived from the experimental data-
base. As shown in Eq. 3.60, the power law is chosen as the fitting mode by im-
plementing least square method. Θ stands for non-dimensional numbers, and
ki , mi and ni are determined. Reeq, Bd , Psat/Pcr and β are found to be domi-
nant. The inclusion of other numbers does not further improve the predictive
accuracy. The resulting correlation is given in Eq. 3.61, where β is expressed in
radian.

fTP =
n∏

i=1

(
kiΘ

mi

i +ni
)

(3.60)
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Figure 3.3: Comparison of frictional pressure drop correlations with the experimental data: (a)
Kuo et al. [61], (b) Han et al. [87], (c) Hayes et al. [116], (d) Amalfi et al. [53], (e) Winkel-
mann [19], (f) Nilpueng and Wongwises [100]. Number of experimental data (N); Mean er-

ror (ME): 1
n

∑n
1
∆Ppre−∆Pexp

∆Pexp
; Mean absolute error (MAE): 1

n
∑n

1
|∆Ppre−∆Pexp|

∆Pexp
; Root mean squared

error (RMSE):

√
1
n

∑n
1

(
∆Ppre−∆Pexp

∆Pexp

)2
; Per±30%: Percentage of experimental data within ±30%;

Per±50%: Percentage of experimental data within ±50%.
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fTP = (
4.207−2.673β−0.46)(4200−5.41Bd 1.2)Re−0.95

eq (Psat/Pcr)0.3 (3.61)

Figure 3.4 compares Eq. 3.61 with the experimental data. 87.5% of the data
are predicted within ±50%, and the mean absolute error (MAE) is 31.2%. Since
Eq. 3.61 is derived from the database, it is reasonable that the performance is
much better than the other correlations shown in Figure 3.3. This correlation is
suitable in the operating ranges covered by Table 3.1. Eq. 3.61 is developed as-
suming homogeneous flow, and shows satisfactory prediction. In fact, more than
one flow pattern may prevail, and a mechanistic model can be built considering
the transition of flow patterns.

Figure 3.5 validates the new correlation with experimental data that are not
involved in the previous discussion. These experimental data were obtained in
an oblong SPHE [128, 129]. Although the top and bottom of the oblong plates are
semi-circular, the main heat transfer area is rectangular and can be compared
with traditional PHEs. Frictional pressure drop increases with mass flux and va-
por quality, and the prediction follows the trend closely. Though the frictional
pressure drop of small mass fluxes are underestimated, most of these experimen-
tal data are predicted within ±30%. The MAE is 10.6% for R134a and 15.8% for
R410A. Additionally, the frictional pressure drop is larger for lower condensation
temperature or lower reduced pressure. In this case, the vapor density is smaller,
and the resulting larger volume flux intensifies the shear force. The varying heat
flux of the experimental data is not considered for the prediction, which has neg-
ligible influences. Nevertheless, the new correlation is not applicable for circular
SPHEs, and under-predicts the experimental data significantly [114]. The circu-
lar plates change the flow passage area along the flow direction.

Figure 3.6 is a sensitivity analysis, and the frictional pressure drop increases
nearly linearly with mass flux. According to Figure 3.6(a), R410A has the smallest
frictional pressure drop. It is a high pressure refrigerant with the largest vapor
density, which reduces the shear force. The frictional pressure drop of R601 is
the largest. As will be shown in Table 6.1, R601 has large two-phase density ratio,
and tends to be separated flow. The two-phase Fanning friction factor approach
over-predicts the frictional pressure drop. The averaged density assuming ho-
mogeneous flow is not applicable. Eq. 3.61 is limited to fluids of small two-phase
density ratio. Figure 3.6(b) shows the dependence on geometries. For smaller
hydraulic diameter with narrower channel, the flow tends to be confined by the
walls, and the corrugated structure promotes the disturbance. Larger chevron
angles enhance the secondary flow and intensify the stirring [113, 130]. As a con-
sequence, the frictional pressure drop is increased.
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Figure 3.4: Comparison of the new frictional pressure drop correlation, Eq. 3.61, with the experi-
mental data.

During condensation experiments, the overall pressure drop of PHEs, ∆Pexp,
is measured directly. It is composed of frictional pressure drop, ∆Pfri, the pres-
sure drop of inlet and outlet ports,∆Pin,port,∆Pout,port, deceleration pressure rise,
∆Pde, and elevation pressure rise, ∆Pele. Eq. 3.62 calculates the frictional pres-
sure drop as the flow passes the channels. The pressure drop of inlet and outlet
ports is mostly obtained using empirical correlations. Although the port pressure
drop accounts for a small portion of the overall value, these empirical correla-
tions introduce uncertainties into the experimental frictional pressure drop, and
should be validated depending on the port structures.

∆Pfri =∆Pexp −∆Pin,port −∆Pout,port +∆Pde +∆Pele (3.62)
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Figure 3.5: Validation of the new frictional pressure drop correlation, Eq. 3.61, with the experi-
mental data of (a) Park and Kim [128], (b) Park et al. [129].
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Figure 3.6: Sensitivity of frictional pressure drop with mass flux for (a) different refrigerants, (b)
different hydraulic diameter and chevron angle.
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3.7. CONCLUSIONS
In this Chapter, the predictive methods are investigated for heat transfer and fric-
tional pressure drop during condensation in PHEs.

• An experimental database of condensation is built, which includes 2376
heat transfer data points and 1590 frictional pressure drop data points.
The composition of the database is presented in terms of working fluids,
chevron angles, hydraulic diameters, mass fluxes, saturated temperatures
and reduced pressures.

• Heat transfer correlations are surveyed and are classified according to the
basic forms. Eight heat transfer correlations are compared with the exper-
imental database. The correlations of Longo et al. [60] and Kuo et al. [61]
predict 93.0% and 88.4% of the data within ±50%, respectively.

• Frictional pressure drop correlations are also reviewed. Six correlations are
assessed with the experimental database but show relatively poor perfor-
mance. Thus a new correlation is developed, with 87.5% of the data pre-
dicted within ±50%. A cross validation shows good performance. A sensi-
tivity analysis is provided for a wide range.

Suitable methods are presented to calculate the heat transfer and frictional
pressure drop for HFCs, HCs and HFOs. NH3 has distinct fluid properties and
is not included in the database. The condensation of NH3 is investigated in the
following Chapters.



4
EXPERIMENTAL SETUP AND

METHODS

In this Chapter, the experimental setup is described including the cycles and mea-
surement instrumentations. The ranges and uncertainties of sensors are specified.
The test section is a gasketed plate heat exchanger. A transparent plate is manufac-
tured for visualization experiments. The methods of data reduction are explained.
The secondary fluid is single-phase H2O, whose HTCs and frictional pressure drop
are obtained. The HTCs and frictional pressure drop of condensation are also cal-
culated.

Parts of this Chapter are adapted from: Tao, X., Dahlgren, E., Leichsenring, M., Infante Ferreira,
C. A., 2020. NH3 condensation in a plate heat exchanger: Experimental investigation on flow pat-
terns, heat transfer and frictional pressure drop. Int. J. Heat Mass Transf. 151, 119374 [45], Tao, X.,
Dahlgren, E., Infante Ferreira, C. A., 2018. Local NH3 condensation in a plate heat exchanger. 13th
IIR Gustav Lorentzen Conference on Natural Refrigerants. Valencia, Spain, paper 1160 [131] and
Tao, X., Dahlgren, E., Infante Ferreira, C. A., 2019. Condensation heat transfer and pressure drop
of NH3 and NH3/H2O within a plate heat exchanger. 25th IIR International Congress of Refriger-
ation. Montreal, Canada, paper 727 [132].
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Figure 4.1: Diagram of the experimental setup including the working fluid cycle, cold water cycle
and hot water cycle. The working fluid cycle is mainly composed of a evaporator, a separator, a
recuperator, a test section, an after cooler, a buffer tank and a working fluid pump. The cold water
feeds both the test section and after cooler, while the hot water feeds the evaporator.

4.1. EXPERIMENTAL SETUP
The experimental setup was originally built as an ocean thermal energy conver-
sion system, and can operate as ORC or Kalina Cycle with NH3 and NH3/H2O,
respectively. The setup is composed of a working fluid cycle, a hot water cycle
and a cold water cycle.

4.1.1. WORKING FLUID AND WATER CYCLES

Figure 4.1 shows the process flow diagram. NH3 is heated by hot water in an
evaporator, where it is partially evaporated. The two phases flow into a sepa-
rator, after which the vapor flows through an expansion valve with the pressure
being reduced. The liquid is subcooled in a recuperator and flows through an
expansion valve. The two phases are controlled to be at the same pressure and
mix up before entering the test section. The fluid is partially condensed in the
test section by the cold water, and then is subcooled in an after cooler. After-
wards, it flows into a buffer tank. The liquid level in the buffer tank decreases for
large mass flow rate, providing the upper limit of the mass flow rate. A variable
speed diaphragm pump controls the flow rate of the NH3. Diaphragm pumps
are suitable for corrosive fluids like NH3, and are able to cope with cavitation. To
reduce the fluctuation of flow rate and operating pressure, a damper filled with
nitrogen is installed at the outlet of the working fluid pump. The mass flow rate
becomes unstable for small values, limiting the lowest mass flow rate. Next, NH3

flows through the recuperator into the evaporator. Figure 4.2 (top) is the picture
of the experimental setup. The experimental setup is enclosed by shields and is
connected to a ventilation system.

Three brazed plate heat exchangers act as the evaporator, recuperator and
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Figure 4.2: Pictures of the experimental setup (top), test section (bottom-left) and visualization
section (bottom-right). In the top figure, the experimental setup consists of a GPHE (test section),
three BPHEs (evaporator, recuperator, after cooler), two working fluid tanks (separator, buffer
tank), two water tanks (cold water, hot water), a working fluid pump, four water pumps (cold water
driven pump, cold water mixing pump, hot water driven pump, hot water mixing pump). In the
bottom-left figure, the test section is shown before being wrapped with insulation materials. The
inlet and outlet ports of NH3 are connected with stainless steel tubes, while the inlet and outlet
ports of H2O are connected with PVC tubes. In the bottom-right figure, the visualization section
is composed of a transparent end plate and a frame plate with three observation windows. It is
illuminated by an LED-strip circumferentially.
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after cooler. A sight glass is inserted into the separator to observe the liquid level.
Two relieve valves are installed after the pump and before the separator. These
valves open when the absolute pressure is above 1600 kPa. The setup is wrapped
with a layer of insulation material of 20 mm, while the test section is insulated
with two layers.

The cold water cycle feeds both the test section and after cooler in parallel.
The cold water is pumped and separated to these two heat exchangers. The water
flow is driven by a centrifugal pump. The inlets of the test section and after cooler
have the same temperature and pressure, and share sensors. The flow rates of
both lines are measured to determine the heat transfer rate. Another pump is
installed to mix water in the tank, so the water has uniform temperature. The
flow rate and temperature at the heat exchanger inlet are controlled by the water
pump and a refrigeration cycle. During the experiments, the water side mass flow
rate was close to the maximum attainable value by the driven pump to increase
this HTC. A PID temperature controller is implemented to achieve the desired
water temperature. The cold water cycle has a cooling capacity of about 6000 W
at 8 °C. The cooling capacity is provided by a refrigeration cycle.

The hot water cycle is composed of a tank, an electrical heater, a centrifugal
pump used to drive the water flow, a mixing pump and sensors. The heat transfer
rate to the evaporator is determined by the water flow rate and temperature glide.
The flow rate and temperature at the evaporator inlet are controlled by the water
pump and heater. The heater has a maximum capacity of 6000 W.

4.1.2. MEASUREMENT INSTRUMENTATION

Temperature and pressure are measured at several positions of the set up. For
simplicity, Figure 4.1 only shows the sensors that are relevant for the discussion
of this thesis. The temperature and pressure of NH3 are measured at the follow-
ing positions: the vapor and liquid inlets of the test section, as well as the outlets
of the test section and after cooler. The NH3 pressure drop within the test section
is also measured. The overall and liquid mass flow rates of the working fluid are
measured at the inlet of the evaporator and at the liquid line. The ratio of mass
flow rates is used to check the vapor quality at the test section inlet. The tem-
perature and pressure of the cold water are measured at the inlet and outlet of
the test section and after cooler, as well as its volume flow rate. Density is mea-
sured by D01 at the same location as the overall NH3 mass flow rate. When the
setup is operated with NH3/H2O, the density is used to determine the bulk NH3

concentration.

Table 4.1 lists the sensor features. The measurement system was originally
described by Tao et al. [131], and was further modified to improve the accuracy
and to extend the measurement range. Temperature is measured with four-wire
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Table 4.1: Specification of the sensors.

Sensors Type Sensor uncertainty Range

Temperature PT-100 ±0.05 °C 2 /50 °C
NH3 pressure Absolute ±0.05% FS 0/1000 kPa
NH3 pressure Gauge ±0.5% FS 0/1000 kPa
Water pressure Gauge ±0.5% FS 0 /250 kPa
Differential pressure SITRANS P DS ±0.3% FS 1.6 /160 kPa
NH3 overall flow Coriolis ±0.2% RD 0 /0.02 kgs−1

NH3 liquid flow Coriolis ±0.2% RD 0 /0.013 kgs−1

Water flow Turbine
±1% FS
±7.2 Lh−1a 30 /3000 Lh−1

NH3 density Anton Paar ±0.1 kgm−3 -
a These sensors have an uncertainty of ±1% FS in the full range. The measured value of F03
is kept almost constant at 432 Lh−1 during experiment. F03 is calibrated in this range with an
uncertainty of ±7.2 Lh−1.

PT-100 of high precision. The uncertainty is ±0.05 °C in the operating ranges.
NH3 pressure is measured by two types of sensors. P03 and P08 are absolute
pressure sensors, and the uncertainty is ±0.05% FS. The other NH3 pressure sen-
sors are gauge pressure sensors and have an uncertainty of ±0.5% FS. The water
pressure sensors are also gauge pressure sensors with ±0.5% FS uncertainty. The
pressure drop of NH3 within the test section is measured by a differential pres-
sure sensor of ±0.3% FS uncertainty. The NH3 mass flow rate is measured by
Coriolis type mass flow meters of ±0.2% RD uncertainty. The water flow meters
originally have an uncertainty of ±1% FS and considerably contribute to the un-
certainty of condensation HTCs. The water flow rate was kept at the maximum
value available by the driven pump and was almost constant. F03 is specially cal-
ibrated in the tested range and has an uncertainty of ±7.2 Lh−1. The uncertainty
of the NH3 density sensor is ±0.1 kgm−3.

Experimental data are acquired and recorded with LabVIEW. It also imple-
ments control and safety protection. A program is developed to analyze the mea-
sured data. In order to determine the steady state, the time derivatives of all
the measured data are calculated. Both the slopes and amplitudes are assessed.
Pressure and mass flow rate fluctuate sharply after the working fluid pump, and
are stabilized by adjusting the damper. The steady state is kept for more than 10
minutes, and the time averaged values are used for data reduction.
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Table 4.2: Geometrical parameters of the test section.

Plate number Lp
[mm]

Wp
[mm]

A
[m2]

dh
[mm]

β

[-]
φ

[-]
dg
[mm]

dp
[mm]

Λwave
[mm]

3 668 95 0.064∗ 2.99 63° 1.15 1.72 0.58 6.67

4.1.3. TEST SECTION: GASKETED PLATE HEAT EXCHANGER AND TRANSPAR-
ENT PLATE

The test section is a GPHE with the plate number adjustable. To avoid the flow
maldistribution among channels, the GPHE consists of three plates forming two
channels during the experiments. Only one plate is effective for heat transfer.
Figure 4.2 (bottom-left) shows the test section before it is wrapped with insula-
tion materials. NH3 flows vertically downward in one channel, while cold water
flows upward in the other channel. These three plates are pressed by frame plates
from both sides. Figure 4.3 illustrates the plate of the GPHE, and Table 4.2 gives
the geometrical parameters. It is actual heat transfer area instead of basic heat
transfer area. Section 1.2 defines these parameters [10]. The GPHE is assembled
from Alloy 316 plates and EPDM gaskets to be compatible with NH3.

The plate has triangular inlet and outlet areas, where flow is distributed from
the inlet port or into the outlet port. The plate surface is composed of sinusoidal
corrugations, where the grooves can be considered as branching sub-channels in
parallel. The grooves on one plate have an opposite direction with those on the
adjacent plate. Fluid flows along the grooves, which is similar to inclined down-
ward flow. Meanwhile, the fluid also passes across the grooves at the contact
points of adjacent plates.

As shown in Figure 4.3, a transparent plate is fabricated to visualize the con-
densing flow. This plate has the same geometry as the metal plates except that
the plate thickness is 25 mm. The corrugated surface is replicated so that the flow
patterns during condensation are able to reappear. The visualization test section
is composed of two metal plates and the transparent plate. The frame plate ad-
jacent to the transparent plate has three observation windows. The visualization
experiment is diabatic. The flow directions of NH3 and cold water are the same
as during the heat transfer experiments.

The transparent material is required to be machinable and compatible with
NH3. Section 2.3.2 summarized the transparent materials used to manufacture

∗ The actual heat transfer area is 0.064 m2 instead of 0.640 m2. In Table 3 of Tao, X., Dahlgren,
E., Leichsenring, M., Infante Ferreira, C. A., 2020. NH3 condensation in a plate heat exchanger:
Experimental investigation on flow patterns, heat transfer and frictional pressure drop. Int. J.
Heat Mass Transf. 151, 119374 [45], there is a typing error. It is correct in data reduction and other
analysis. The exerimental results are not affected.
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Figure 4.3: Pictures of the stainless steel plate and transparent plate. The stainless steel plate is
composed of triangular inlet and outlet areas and rectangular fully developed area. The flow area
is enclosed by a gasket. Lp=668 mm, Wp=95 mm, β=63°. The corrugated structure is mirrored to
the transparent plate, which acts as the end plate during visualization experiments.

PHEs applicable for air/water [10], which are not compatible with NH3. Kim et
al. [133] and Nakamura et al. [134] 3D printed transparent plates of small sizes.
Lee et al. [135] fabricated a transparent plate with polycarbonate. da Silva Lima
et al. [136] and Arima et al. [137] used sight glass to fabricate smooth tubes and
smooth plates for NH3 visualization, but sight glass is not machinable. In order
to test the compatibility, the samples of several polymers were immersed into liq-
uid NH3. Polystyrene (PS) has better compatibility compared with polymethyl-
methacrylaat (PMMA), polyvinylchloride (PVC), polycarbonate (PC) and tereph-
thalate glycol (PETG). But PS may decay after long time operation. Leichsenring
[138] and Leichsenring et al. [139] presented the details of material selection and
strength analysis. The transparent plate is manufactured by glueing a layer of PS
and a layer of PMMA. The PS plate contacts NH3, which has a thickness of 5 mm
and was machined. The PMMA plate improves the mechanical strength. It is 20
mm thick and is pressed by the frame plate. The visualization experiment lasted
for 2 weeks. After then, the transparent plate started to decay so the experiment
had to be stopped.

Flow patterns were captured with a high speed camera from the front, with
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Figure 4.4: Results of modified Wilson-plot method for H2O-H2O experiments, which determine
a constant of Eq. 4.2 and calibrate H2O HTC. The axes are chosen to reduce the experimental data
so that the slope of the line is the reciprocal of Θ1.

a frame rate of 3000 fps and a resolution of 1024×1024 pixels. The transparent
plate was wrapped with an LED-strip on the sides circumferentially. The channel
is well illuminated as shown in Figure 4.2 (bottom-right).

4.2. DATA REDUCTION

4.2.1. H2O-H2O EXPERIMENTS

H2O-H2O experiments were carried out to obtain the single-phase HTCs and
Fanning friction factors. The working fluid cycle is designed for two-phase sys-
tem. When the cycle is completely filled with H2O, the fluctuations of flow rate
and pressure are significant. Nitrogen is filled at the top of the separator. It is
stationary and buffers fluctuations during operation. The single-phase HTCs of
PHEs, αw, are generally accepted to have the form of Eq. 4.1 [51]. Θ1 and Θ2

depend on the geometry of PHEs, and can be calculated by Wilson-plot method



4.2. DATA REDUCTION

4

99

Figure 4.5: Comparison of Eq. 4.2 and VDI [20]. Eq. 4.2 is larger than VDI within 20%. Eq. 4.2
is derived from the data of the present experimental setup. The correlation from VDI is widely
applicable.

[140]. During experiments, the mass flow rate of hot water was kept constant
while the mass flow rate of cold water was varied. Θ2 is determined to be 0.7 by
best fitting. Figure 4.4 presents the results of Wilson-plot method obtained by
curve fitting. U is the overall HTC, and dp/λwall is the wall thermal resistance.
The resulting correlation is given in Eq. 4.2 and is compared with VDI in Fig-
ure 4.5. VDI provides the generally accepted single-phase correlation [20, 141].
Eq. 4.2 agrees with VDI, and the difference is smaller than 20%. Eq. 4.2 is more
accurate in this specific condition.

Nuw = αwdh

λw
=Θ1ReΘ2

w Pr 1/3
w (4.1)

Nuw = αwdh

λw
= 0.275Re0.7

w Pr 1/3
w 320 ≤ Rew ≤ 2600 (4.2)
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Figure 4.6: The correlation of single-phase Fanning friction factor and experimental data. The
left axis is Fanning friction factor. Eq. 4.7 is compared with the correlation from VDI [20]. The
agreement is good. The right axis is the experimental frictional pressure drop.

The frictional pressure drop of single-phase is also obtained. ∆Pexp,w is the
measured pressure drop. Eqs. 4.3-4.5 calculate the water frictional pressure drop,
∆Pfri,w, the pressure drops of inlet and outlet ports, ∆Pin,port,w, ∆Pout,port,w, and
elevation pressure decrease, ∆Pele,w. In Eq. 4.4, ∆Pin,port,w and ∆Pout,port,w are
calculated using the empirical correlation in Shah and Focke [142].

∆Pfri,w =∆Pexp,w −∆Pin,port,w −∆Pout,port,w −∆Pele,w (4.3)

∆Pport,w = 1.5G2
w/(2ρw) (4.4)

∆Pele,w = ρwg Lp (4.5)

Eq. 4.6 defines the single-phase Fanning friction factor, fw, which is corre-
lated in Eq. 4.7, and the results are presented in Figure 4.6. Eq. 4.7 agrees with
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the correlation of VDI [20], which is applicable in large ranges. VDI is used to
develop condensation correlations in Chapter 6. The pressure drop experiments
were conducted at the same operating conditions as heat transfer experiments,
but the ranges of the pressure sensors were limited and the data at larger mass
fluxes cannot be obtained. So Eq. 4.7 has a narrower range of Reynolds number
compared with Eq. 4.2. The flow is expected to transit from laminar to turbulent
flow with increasing mass fluxes. The transition in PHEs takes place at smaller
Reynolds number than for tubes [113, 143]. In the tested range, Eq. 4.7 consid-
ers the flow as turbulent, and is only valid for the present measurement. Eq. 4.7
agrees with VDI in this range.

∆Pfri,w = 2 fw
G2

w

ρw

Lp

dh
(4.6)

fw = 4.608Re−0.287
w 400 ≤ Rew ≤ 2500 (4.7)

4.2.2. HTCS OF NH3

In Eqs. 4.8-4.9, the inlet and outlet NH3 enthalpies of the test section, ha,in and
ha,out, are determined from the energy balance of the after cooler and test sec-
tion. The inlet and outlet vapor qualities are determined referring to Refprop 9.1
[39]. The averaged vapor quality is used to analyze the flow patterns, heat trans-
fer and frictional pressure drop data. The inlet and outlet vapor qualities are also
used to illustrate the flow patterns. The condensation HTC, αa, is calculated us-
ing Eq. 4.10. The condensation temperature, Ta, changes slightly from the inlet
to the outlet because of the frictional pressure drop.

ha,out = ha,04 + Q̇after

ṁa,01
= ha,04 +

cp,wṁw,04
(
Tw,07 −Tw,05

)
ṁa,01

(4.8)

ha,in = ha,out + Q̇test

ṁa,01
= ha,out +

cp,wṁw,03
(
Tw,06 −Tw,05

)
ṁa,01

(4.9)

Q̇test = cp,wṁw,03
(
Tw,06 −Tw,05

)= ṁa,01
(
ha,in −ha,out

)
=U A (Ta,in−Tw,06)−(Ta,out−Tw,05)

ln
Ta,in−Tw,06

Ta,out−Tw,05

= A
1
αa

+ dp
λwall

+ 1
αw

(Ta,in−Tw,06)−(Ta,out−Tw,05)
ln

Ta,in−Tw,06
Ta,out−Tw,05

(4.10)

4.2.3. FRICTIONAL PRESSURE DROP

As shown in Eq. 4.11, the condensation frictional pressure drop, ∆Pfri,a, is cal-
culated by subtracting the other components from the measured pressure drop,
∆Pexp,a, including: the mixing pressure drop, ∆Pmix,a, pressure drop of inlet and
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outlet ports, ∆Pin,port,a, ∆Pout,port,a, deceleration pressure rise, ∆Pde,a, and eleva-
tion pressure rise, ∆Pele,a.

∆Pfri,a =∆Pexp,a −∆Pin,port,a −∆Pout,port,a −∆Pmix,a +∆Pde,a +∆Pele,a (4.11)

In Eqs. 4.12-4.13, ∆Pin,port,a and ∆Pout,port,a are treated as sudden enlarge-
ment and sudden contraction of two-phase flow, respectively. Gtube is the mass
flux in the connection tubes. Atube and Aport are the flow areas of tubes and ports.
vL and vG are the specific volume of liquid and vapor. x is the vapor quality. 0.591
is an empirical parameter and is determined by the ratio of Atube to Aport [144].

∆Pin,port,a =G2
tubevL

Atube

Aport

(
1− Atube

Aport

)(
1+ vG − vL

vL
x

)
(4.12)

∆Pout,port,a = 0.5G2
tubevL

(
1

0.591
−1

)2 (
1+ vG − vL

vL
x

)
(4.13)

In Eqs. 4.14-4.15, ∆Pde,a and ∆Pele,a are calculated using the homogeneous
two-phase model, which considers the two-phase flow as a single fluid. G is the
mass flux at the flow channel of the PHE. The averaged density, ∆Pele,a, is calcu-
lated at the averaged vapor quality as shown in Eq. 2.5 [144].

∆Pde,a =G2(vG − vL)(xin −xout) (4.14)

∆Pele,a = ρavg Lp (4.15)

At the inlet of the test section, liquid is sprayed into vapor through orifices.
The pressure drop of flowing through orifices is composed of sharp-edged ef-
fects at the entrance and exit regions, as well as the frictional component through
finite-thickness [145, 146]. This pressure drop is calculated in Eqs. 4.16-4.19. uori

is the liquid velocity at the orifices. dori and dtube are the diameters of the orifices
and inlet tube. fcom is a combined friction factor, and includes sharp-edged term
and frictional term in Eq. 4.17, respectively. ReL,ori is based on orifice diameter
and velocity [145].

∆Pmix,a = 0.5u2
oriρL

(
1−

(
dori

dtube

)4)
fcom (4.16)

fcom = 25
9

(
1+e−0.12Re0.5

L,ori −2.16e−0.26Re0.5
L,ori +0.16

(
1

1+Re0.5
L,ori

))−2

+ 4
ReL,ori

Lori
dori

(
3.44
ξ0.5 + 16+0.3125ξ−1−3.44ξ−0.5

1+2.12×10−4ξ−2

) (4.17)
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ReL,ori = ρLuoridori/µL (4.18)

ξ= Lori/
(
doriReL,ori

)
(4.19)

4.3. CONCLUSIONS
The experimental setup is described in this Chapter. The measurement instru-
mentations are specified for the uncertainty analysis of experimental results. The
methods are explained to calculate the HTCs and frictional pressure drop of single-
phase and condensing flow. For one thing, the experimental data of single-phase
are used to derive the predictive correlations suitable for the present experimen-
tal setup. For another, the data are used to validate the single-phase correlations
in VDI [20], which are widely applicable and are used to develop the separated
model of condensation in Chapter 6.





5
EXPERIMENTAL RESULTS AND

DISCUSSION OF NH3

CONDENSATION

In this Chapter, NH3 condensation in a PHE is investigated by visualizing the flow
patterns and measuring HTCs and frictional pressure drop. According to the vi-
sualization experiments, full film flow takes place at large mass fluxes and in-
termediate mass fluxes of low vapor qualities, while partial film flow happens at
small mass fluxes and intermediate mass fluxes of high vapor qualities. The heat
transfer and frictional pressure drop experiments cover various mass fluxes, vapor
qualities and saturated pressure. Vapor qualities have significant influences on
heat transfer and frictional pressure drop. In the tested ranges, the effect of mass
fluxes is noticeable on frictional pressure drop, but is moderate on heat transfer.
The impact of saturated pressure is small. The experimental data are compared
with selected correlations, showing a poor agreement.

This Chapter is adapted from: Tao, X., Dahlgren, E., Leichsenring, M., Infante Ferreira, C. A., 2020.
NH3 condensation in a plate heat exchanger: Experimental investigation on flow patterns, heat
transfer and frictional pressure drop. Int. J. Heat Mass Transf. 151, 119374 [45].
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5.1. FLOW VISUALIZATION RESULTS
Visualization experiments of NH3 were conducted at the condensation pressure
of 690 kPa. The flow is maintained to be stable [147]. The flow patterns changed
with vapor qualities and mass fluxes. Only film flow has been detected. Air/water
experiments observed bubbly flow, slug flow, churn flow, film flow or the equiv-
alent flow patterns [19, 83, 97–101]. Bubbly flow is known to be limited at large
overall mass fluxes and low vapor qualities. The kinetic energy is strong enough
to break up the bubbles, and the bubble breakup overcomes coalescence. The
condensing NH3 in the present study was below 100 kgm−2s−1. By contrast, bub-
bly flow of air/water happens above the overall mass flux of approximately 100
kgm−2s−1 [83, 97–99, 101]. Buscher [101] did not observe slug flow or churn flow,
which are characterized by the phenomenon that the whole channel width is
occupied by gas or liquid periodically. In tubes, bubbles move faster with grow-
ing sizes, and coalesce more intensively. However, in the corrugated channels,
the centrifugal forces weaken bubble acceleration and suppress two-phase sep-
aration. The slug or churn flow in other researches are mainly attributed to the
gas-liquid injection [101].

The test section could not be insulated from the front, which results in some
heat leak. According to uncertainty analysis, the heat leak has minor influences
on vapor quality, but brings about significant errors to HTCs. Thus the conden-
sation HTCs cannot be derived. The outlet vapor qualities are determined from
the energy balance of the after cooler, and are not influenced by the heat leak.
The inlet vapor qualities are based on the energy balance of the test section, and
are affected by the heat leak. The effect is small since NH3 has large latent heat.
This has been checked making use of the overall and liquid flow meters, which
are shown in Figure 4.1.

5.1.1. FLOW PATTERNS

The terms film flow and partial film flow are used in previous studies. To clarify
the wetting characteristics, in this thesis, full film flow describes the flow pattern
for which the wall is completely wetted, while partial film flow indicates part of
the wall is dry. Film flow is the sum of full film flow and partial film flow.

Figure 5.1 shows the pictures of full film flow, which is similar to annular flow
in tubes. The videos of full film flow are provided in the Appendix of the online
version of Tao et al. [45]. Figure 5.2 illustrates the distribution of liquid and vapor.
Continuous liquid film flows on the wall, while vapor core flows in the center of
the groove. Because of the corrugated groove, the two-phase interface is rough
even at low mass fluxes. Waves and ripples move at the interface. A basic wave
has a small size. Different kinds of waves result from the interaction and com-
bination of basic waves. The waves are dispersed with varying wavelengths and
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Figure 5.1: Full film flow with G=81 kgm−2s−1 and xav=0.30 at the top, middle and bottom win-
dows. The top window is 170 mm(L)× 86 mm(W) (rectangle)+ 80 mm(L)× 86 mm(W) (triangle).
The middle window is 157 mm(L)× 86 mm(W) (rectangle). The bottom window is 170 mm(L)× 86
mm(W) (rectangle)+ 80 mm(L)× 86 mm(W) (triangle). The corresponding videos are included in
the Appendix of Tao et al. [45].

amplitudes, and grow larger with increasing mass fluxes. Various flow phenom-
ena are observed, and are shown in Figure 5.2. For superposed waves, several
waves interact with each other, making the flow more chaotic. Continuous waves
have connected waves that flow at the same speed. These waves extend over ad-
jacent grooves. Periodic waves flow in the same paths and have almost the same
shapes. The rest waves are discrete and are independent of the other waves.

The waves gradually decrease in amplitude from the inlet to the outlet. In the
inlet region, the liquid and vapor are distributed into adjacent grooves, and pass
across grooves intensively. Additionally, the vapor quality decreases along the
flow direction, which reduces the kinetic energy gradually. The vapor phase has
larger velocity than the liquid phase, and tears liquid droplets off the film. The
channel of the PHE is so narrow that droplets are easily deposited on the other
side of the wall. Consequently, no stable entrained liquid droplets are formed in
the vapor core.

Figure 5.3 shows partial film flow. It occurs when the liquid mass flux is re-
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Figure 5.2: Schematic of full film flow. The wall is completely wetted by liquid. Indicating different
kinds of waves. Superposed waves have several waves at the same location. Continuous waves
are formed by neighbouring waves that are connected. Periodic waves repeat at the same path.
Discrete waves are independent from the other waves.

duced. Less liquid results from higher vapor quality or smaller mass flux. The
liquid is not enough to wet the entire wall, and parts of the wall become dry. NH3

has large surface tension, whose influence becomes prominent in small diame-
ter channels. Large contact angles reduce the wetting ability, break up the liquid
film and change the flow pattern [148]. Large surface tension makes the liquid
film discontinuous [149, 150]. Additionally, surface tension tends to stabilize the
flow and suppress the waves [151]. The videos of partial film flow are provided in
the Appendix of Tao et al. [45].

As shown in Figure 5.4, two types of dry zones coexist. In the first type, whole
pieces of zones become dry, and the areas of these zones increase with decreas-
ing liquid mass fluxes. In the inlet region next to the port, liquid and vapor are
distributed into the parallel grooves. When the areas of these zones are small,
dry zones are located close to one edge of the plate, and have triangular shapes.
When these areas increase, the dry zones grow until covering most part of the
plate. In the second type, dry spots are discretely distributed in the corrugated
grooves. Under gravity force, these dry zones tend to appear at the top of the
grooves. This flow is similar to stratified flow in inclined downward tubes. In
both types, vapor condenses directly at the wall. These zones seem to be cov-
ered with a thin condensate layer, which makes it different from adiabatic flow.
The layer is so thin that the observation can be subjective and needs further dis-
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Figure 5.3: Partial film flow with G=43 kgm−2s−1 and xav=0.46 at the top, middle and bottom win-
dows. The top window is 170 mm(L)× 86 mm(W) (rectangle)+ 80 mm(L)× 86 mm(W) (triangle).
The middle window is 157 mm(L)× 86 mm(W) (rectangle). The bottom window is 170 mm(L)× 86
mm(W) (rectangle)+ 80 mm(L)× 86 mm(W) (triangle). The corresponding videos are included in
the Appendix of Tao et al. [45].

cussion. Vapor condensates on the wall as long as the wall temperature is below
the saturated temperature [90, 120]. During the present experiments, the inlet of
the working fluid is in the two-phase region and is not superheated. The aver-
aged wall temperature is lower than the saturated temperature for more than 1
K. Theoretically, condensation takes place once the vapor is in contact with the
wall. Moreover, the occurrence of condensation can be proved from the oppo-
site perspective. The dry zones become ineffective if condensation does not take
place, and the heat transfer deteriorates because the effective area is reduced.
However, the heat transfer is enhanced for partial film flow. This will be further
discussed in Section 5.2.1.

The waves for partial film flow are weaker than for full film flow because of the
smaller liquid mass flux. The liquid film of partial film flow is relatively thin. Thin
film tends to be laminar, and the structure of two-phase interface is smoother.
Deposition of entrained liquid droplets has been observed at the dry zones.
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Figure 5.4: Schematic of partial film flow. The wall is completely wetted by liquid. Indicating
different types of dry zones. Large dry zones tend to happen close to the inlet region. Dry spots
have small areas and are discrete.

5.1.2. FLOW PATHS AND FLOW DISTRIBUTION

Section 2.4 describes flow paths, which were originally used for the flow direc-
tion of single phase flow. During two-phase flow, the liquid phase is traced by
the movement of waves. Figure 5.5 schematically shows the flow paths of the liq-
uid phase. Crossing flow goes from one side of the plate to the other side, and
reflects at the edge of the plate, changing direction. Waves are more intensive
close to the edge. Wavy longitudinal flow circles the contact points of two ad-
jacent plates. The observed flow is a combination of both paths, and crossing
flow is dominant. The liquid flows along grooves, and gradually goes across the
grooves. The direction shifts downward. The combined flow paths make the flow
turbulent at small mass fluxes, so PHEs have larger HTCs and frictional pressure
drop than tubes.

Buscher [101] and Tribbe and Müller-Steinhagen [98] traced the flow paths
of bubbles during bubbly flow. Crossing flow is dominant with small chevron
angles (30°), while wavy longitudinal flow prevails with large chevron angles (60°
and 75°). The chevron angle of the plates used in this study is 63°, and crossing
flow dominates during film flow. Wavy longitudinal flow is expected if bubbly
flow occurs. Apart from chevron angles, flow paths also depend on mass fluxes.
Bubbly flow happens for large mass flux, while film flow obseved in this study
has relatively small mass fluxes. Small mass fluxes are considered to promote
crossing flow [113]. Additionally, the difference between homogeneous flow and
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Figure 5.5: Representation of liquid flow paths. The observed flow path is a combination of cross-
ing flow and wavy longitudinal flow, and crossing flow is dominant. The liquid flows along grooves,
and gradually goes across the grooves.

separated flow plays a role. Bubbly flow tends to be homogeneous flow, and is
similar to single phase flow. Film flow is separated flow, and shows distinct char-
acteristics.

The flow distribution can be divided into three parts: inlet distributing re-
gion, fully developed region and outlet distributing region. The maldistribution
of liquid and vapor is more severe at the inlet distributing region close to the in-
let port. The liquid phase has larger momentum than vapor, and the flow splits
among the grooves. Liquid preferentially flows into the front grooves directly
connected to the inlet port, while vapor is distributed into all the grooves. At
the fully developed region, the flow distribution becomes uniform in the down-
ward direction. The flow reflects and recirculates at the edge, which improves
the two-phase distribution. In the downward direction, the wave amplitudes de-
crease and the two-phase interface becomes smoother. Similar distribution was
observed during the visualization of air/water flow without phase change [19].
At the outlet distributing region, the flow is gathered into the port. The test sec-
tion has triangular inlet and outlet areas confined by the gasket, where the flow
section area changes gradually and the fluid is well distributed.

5.1.3. FLOW PATTERN MAP

Figure 5.6 presents the flow pattern map plotted with the mass flux and vapor
quality, which indicates the condensation process. The map includes the flow
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Figure 5.6: Flow pattern map of condensing flow in the PHE, with the vapor quality decreasing
from the inlet to the outlet. The flow patterns at the inlet, middle and outlet windows of the same
operating condition are connected by lines.

patterns at the inlet, middle and outlet of the test section, which were observed
from the three windows. The data points are assigned to the inlet, averaged and
outlet vapor qualities, respectively. These three flow patterns for each operating
condition are connected by lines. The condensation is from the right end to the
left end of the lines. The change of vapor qualities is small. At large and small
mass fluxes, the flow patterns remain the same from the inlet to outlet, while the
flow patterns change in the flow direction for intermediate mass fluxes.

Full film flow occurs at large mass fluxes or the combination of intermedi-
ate mass fluxes and low vapor qualities. On the contrary, partial film flow is at
small mass fluxes or the combination of intermediate mass fluxes and high va-
por qualities. Flow patterns depend on the liquid mass flux. A certain amount of
liquid is required to completely wet the wall surfaces, otherwise the thin liquid
film breaks up. The minimum wetting mass flux depends on the surface tension,
liquid density and liquid viscosity. The liquid velocity distribution is not uni-
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form especially for large contact angles [152, 153]. At intermediate mass fluxes of
low vapor qualities, partial film flow changes into full film flow from the inlet to
the outlet. These data points are considered to be in the transition region. The
vapor quality decreases in the flow direction with increasing liquid mass fluxes.
Moreover, the flow distribution among grooves becomes more uniform after re-
flection at the plate edges. This phenomenon illustrates the influence of the inlet
distributing region on flow patterns. Partial film flow occurs at small mass fluxes.
In the top window, dry zones are continuous and stretch. In the middle and bot-
tom windows, liquid tends to be distributed among grooves uniformly. Dry spots
are discrete in each groove.

5.2. HEAT TRANSFER COEFFICIENT
Condensation experiments of NH3 are carried out. The sensitivity of HTCs and
frictional pressure drop to vapor qualities, mass fluxes and saturated pressures
is investigated. Because of the large latent heat, the change of the vapor quali-
ties is small, and the following discussion is represented with the averaged vapor
qualities. The measured HTCs and frictional pressure drop are considered to be
quasi-local. During the experiments, some data points were repeated by increas-
ing and decreasing the heating capacity, respectively. The repeatability is proved
to be reliable.

5.2.1. EXPERIMENTAL HEAT TRANSFER COEFFICIENTS AND DISCUSSION

The condensation HTCs are large, and the corresponding heat transfer resis-
tances are relatively small compared with the water side. In order to improve
the measurement accuracy, the water side mass fluxes were kept large to reduce
the corresponding heat transfer resistance. In the tested ranges, the ratio of heat
transfer resistance between the condensation side to water side has an averaged
value of 1.6. Additionally, the accurate measurement of the heat duty requires
large rise of the cold water temperature, whose averaged value is 2.8 K during
testing. HTCs larger than 30000 Wm−2K−1 are excluded because of their large
uncertainty.

Figure 5.7 illustrates the HTCs variation with averaged vapor qualities and
mass fluxes. The saturated pressure is 690 kPa. It covers the averaged vapor
qualities of 0.05-0.65 and mass fluxes of 21-78 kgm−2s−1. Limited by the cooling
capacity of the setup, higher vapor quality cannot be obtained. HTCs increase
sharply and almost linearly with vapor qualities. For 42 kgm−2s−1, the HTCs in-
crease 2.5 times when the averaged vapor qualities rise from 0.2 to 0.65. A slight
rise of the vapor quality increases the volume flux noticeably. The transition of
flow patterns has been observed during the visualization experiments. With in-
creasing vapor qualities, the vapor velocity increases and the film thickness de-



5

114 5. EXPERIMENTAL RESULTS AND DISCUSSION OF NH3 CONDENSATION

Figure 5.7: Condensation HTCs with varying averaged vapor quality at different mass fluxes. HTCs
increase significantly with vapor qualities. HTCs decrease slightly with mass fluxes in the range of
21-42 kgm−2s−1, and increase moderately from 42 to 78 kgm−2s−1.

creases. Larger shear force disturbs the two-phase interface and enhances the
heat transfer. Moreover, at high vapor qualities, the liquid film is locally ex-
tremely thin. The vapor condenses directly on the wall and the heat transfer re-
sistance is small. Since NH3 has a large two-phase density ratio, the sensitivity
to vapor quality is stronger than for other refrigerants such as R134a and R410A
[61, 71].

The influence of mass fluxes is not monotonic. HTCs decrease slightly with
mass fluxes in the range of 21-42 kgm−2s−1, and increase moderately from 42 to
78 kgm−2s−1. It is attributed to the change of flow patterns. At small mass fluxes,
a part of the wall surface is dry due to small amounts of liquid. The vapor velocity
is low, and only limited shear force is exerted on the two-phase interface. Thus
the liquid film is laminar. The condensation process is divided into two parts.
Some vapor condenses directly on the wall, while other condenses on the two-
phase interface where the wall is wetted. Gravity-controlled condensation dom-



5.2. HEAT TRANSFER COEFFICIENT

5

115

Figure 5.8: Condensation HTCs with varying averaged vapor quality at different condensation
pressures. HTCs increase sharply with vapor qualities. Higher condensation pressures slightly
reduce HTCs.

inates over convective condensation. For a certain vapor quality, the portion of
wetted surface increases with mass fluxes because of more liquid. Consequently,
the heat transfer resistance slightly increases. At large mass fluxes, the wall sur-
face is completely wetted. Shear force is dominant, and convective condensation
applies. For a certain vapor quality, the mass fluxes of both vapor and liquid in-
crease. Higher vapor velocities intensify shear force and promote ripples on the
two-phase interface. The liquid film becomes turbulent with increasing mass
fluxes, while thicker liquid film increases the heat transfer resistance. As a con-
sequence, HTCs increase moderately with mass fluxes at large values. In Figure
5.7, the averaged uncertainty of HTCs is ±14.4%. The measurement uncertainty
is contributed by temperature sensors and flow meters. The temperature differ-
ence is smaller for higher HTCs, and the relative error becomes significant, which
contributes prominently to the uncertainty propagation.

In Figure 5.8, the influence of saturated pressure is shown at two mass fluxes.
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Figure 5.9: Condensation HTCs with varying liquid and vapor mass fluxes. HTCs decrease with
increasing liquid mass fluxes at small values, and stay almost constant at larger values. Larger
vapor mass fluxes increase the HTCs.

The trends at these mass fluxes are similar, and only the values at 52 kgm−2s−1

are discussed. HTCs decrease slightly with increasing saturated pressure, and
become about 20% lower from 690 to 930 kPa. Higher saturated pressure has
smaller two-phase density ratio, and the shear force at the interface is reduced.
The thermal conductivity of liquid also decreases at higher pressure. Despite the
minor effect of saturated pressure, the influence of vapor qualities is still signifi-
cant. The averaged uncertainty of HTCs is ±14.1% according to the uncertainty
analysis.

Figure 5.9 further presents the influence of liquid and vapor mass fluxes. The
visualization experiments have indicated separated flow. For this reason, the
two-phase mass fluxes are investigated separately.

The slope of HTCs for a certain vapor mass flux is divided into two parts.
HTCs decrease noticeably with increasing liquid mass fluxes at small values, and
stay almost constant at larger values. The liquid film is the main heat transfer



5.2. HEAT TRANSFER COEFFICIENT

5

117

resistance during condensation. At small liquid mass fluxes, partial film flow ap-
plies, and a part of the wall surface is not wetted. Vapor condensates directly on
the wall. The area of the dry zones decreases with increasing amount of liquid,
and the HTC decreases significantly. At a certain value, the wall gets completely
wetted. It becomes full film flow. Further increase of mass flux thickens the liq-
uid film. Meanwhile, the liquid flow becomes more turbulent. These two effects
counteract each other. Consequently, HTCs remain constant. The slope of HTCs
changes at the liquid mass fluxes of around 40 kgm−2s−1. Partial film flow has
larger HTCs than full film flow. This confirms that condensation takes place in
the dry zones and indicates that all the heat transfer area is effective for partial
film flow.

Larger vapor mass fluxes enhance the heat transfer. Higher vapor velocities
intensify the two-phase shear and thin the liquid film. The enhancement is larger
for partial film flow. Droplet entrainment is promoted by the higher vapor veloc-
ities and tends to increase the heat transfer.

5.2.2. COMPARISON WITH EXISTING CORRELATIONS

In Chapter 3, condensation heat transfer correlations in PHEs are summarized,
and an extensive experimental database is developed [18]. Eight correlations
have been assessed by comparing with the database. The correlations of Longo
et al. [60] and Kuo et al. [61] show the best performance for the experimental
data of HFCs, HCs and HFOs. Nevertheless, NH3 is not included in the database.

Figure 5.10 compares these two correlations with the experimental data for
three mass fluxes. Kuo et al. [61]’s correlation is a two-phase multiplier approach,
which assumes annular flow [56]. The condensation heat transfer is similar to the
convective heat transfer of liquid phase since all the heat is transferred through
the liquid [56]. The vapor flow and heat flux enhance the heat transfer and are
considered as a two-phase multiplier. According to this correlation, HTCs in-
crease significantly with the vapor quality, agreeing with the trend of the experi-
mental data.

The correlation of Longo et al. [60] is composed of convective condensation
and gravity-controlled condensation. The convective correlation involves the
equivalent Reynolds number, which treats the two-phase flow as a single equiv-
alent fluid. The vapor flow is replaced with an additional liquid flow by keeping
the same shear force at the two-phase interface. The conversion ratio depends
on the two-phase density ratio [154]. In Figure 5.10, the sensitivity to the vapor
quality is less noticeable than for the experimental data. Convective condensa-
tion is transformed into gravity-controlled condensation at low vapor qualities
and small mass fluxes. The HTCs become insensitive to mass fluxes and vapor
qualities.
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Figure 5.10: Condensation HTCs of NH3 with varying averaged vapor quality and mass fluxes.
Comparison of experimental and predicted data. The prediction is from Longo et al. [60] (solid
lines) and Kuo et al. [61] (dashed lines).

Figure 5.11 presents the accuracy of the correlations. The correlation of Kuo
et al. [61] predicts 75.7% of the experimental data within ±30%. The mean ab-
solute error (MAE) is 21.3%. This correlation estimates correctly the significant
sensitivity to vapor qualities and shows consistent trend with the experimental
data. Nevertheless, predicted data of different mass fluxes are separated. This
correlation is more accurate for intermediate and large mass fluxes, and dramat-
ically under-predicts the data of small mass fluxes. Longo et al. [60]’s correlation
predicts 72.4% of the data within ±30%. It over-predicts the experimental HTCs
at low vapor qualities, and under-predicts the experimental HTCs at high vapor
qualities. The predicted values of large and intermediate mass fluxes converge,
but the under-prediction for small mass flux is noticeable. In short, the correla-
tion of Kuo et al. [61] over-estimates the influence of mass fluxes, while Longo
et al. [60]’s correlation cannot predict the sharp sensitivity to vapor qualities. A
new correlation needs to be developed for NH3 condensation [59].
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Figure 5.11: Comparison of NH3 condensation HTCs with the correlations of Longo et al. [60] and
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5.3. FRICTIONAL PRESSURE DROP

5.3.1. EXPERIMENTAL FRICTIONAL PRESSURE DROP AND DISCUSSION

Figure 5.12 shows the influence of averaged vapor qualities and mass fluxes on
frictional pressure drop. At certain mass fluxes, frictional pressure drop increases
almost linearly with vapor qualities. The increase is sharper at large mass fluxes.
When the averaged vapor qualities have an increment of 0.1, the frictional pres-
sure drop increases about 10 kPam−1 for 71 kgm−2s−1 and increases 2 kPam−1

for 30 kgm−2s−1. The flow patterns have relatively small influences on frictional
pressure drop compared with heat transfer [135]. Both full film flow and par-
tial film flow are separated flows. Liquid and vapor flow separately and interact
on the interface. The two-phase pressure drop is contributed by the following
shear forces: between the vapor and wall, between the liquid and wall and at
the two-phase interface. The volume flux and averaged velocity increase signifi-
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Figure 5.12: Frictional pressure drop with varying averaged vapor quality at different mass fluxes.
Frictional pressure drop increase significantly with vapor qualities and mass fluxes.

cantly with vapor quality, and the shear forces are greatly enhanced.
Frictional pressure drop increases sharply with mass fluxes. Larger liquid

mass fluxes thicken the film thickness and promote turbulence. Vapor phase
has larger velocity than liquid and shaves the two-phase interface. Larger vapor
mass fluxes intensify the shear forces and dissipate the momentum intensively.
In Figure 5.12, the averaged uncertainty of frictional pressure drop is ±15.0%. As
shown in Table 4.1, the differential pressure sensor has high accuracy. But the
pressure drop fluctuates due to the operation of the working fluid pump. An ex-
tra uncertainty of ±10.0% is included. In order to ensure the accuracy, frictional
pressure drop values lower than 3.5 kPam−1 are excluded.

Figure 5.13 shows the sensitivity to saturated pressures. The influence is neg-
ligible at low vapor qualities, and becomes noticeable at high vapor qualities. It
is attributed to the change of vapor density. Higher saturated pressure has in-
significant effects on liquid density, but increases vapor density remarkably. At
high vapor qualities, higher saturated pressure decreases the averaged velocity
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Figure 5.13: Frictional pressure drop with varying averaged vapor quality at different condensation
pressure. Frictional pressure drop increases sharply with vapor qualities. Higher condensation
pressures reduce frictional pressure drop.

because of the larger vapor density, and consequently reduces the momentum
dissipation. Frictional pressure drop has an averaged uncertainty of ±14.2%.

Figure 5.14 shows the influence of liquid and vapor mass fluxes separately,
and both phases contribute to the frictional pressure drop. At different vapor
mass fluxes, the frictional pressure drop increases with liquid mass fluxes of sim-
ilar trend. When the vapor mass flux increases from 13.5 to 21.5 kgm−2s−1, the
frictional pressure drop more than doubles. In the same range of liquid mass
fluxes, the frictional pressure drop increases about 1.2 times. This is in agree-
ment with the phenomenon of separated flow. The vapor flow dominates the
frictional pressure drop since the large velocity intensifies the momentum dis-
sipation. For partial film flow, the trend lines with the variation of liquid mass
fluxes are slightly steeper than those for full film flow. The frictional pressure
drop is less affected by the transition from full film flow to partial film flow, while
the transition has significant influences on heat transfer.



5

122 5. EXPERIMENTAL RESULTS AND DISCUSSION OF NH3 CONDENSATION

Figure 5.14: Frictional pressure drop with varying liquid and vapor mass fluxes. Frictional pressure
drop increase with liquid mass fluxes and vapor mass fluxes.

5.3.2. COMPARISON WITH EXISTING CORRELATIONS

In Chapter 3, six frictional pressure drop correlations are assessed with an ex-
perimental database, including two-phase Fanning friction factor and Lockhart-
Martinelli model [18]. The prediction of the correlations is poor, and a new cor-
relation has been developed. In the previous researches of PHEs, Lockhart- Mar-
tinelli’s model is mostly chosen for air/water flow [19, 98, 100]. The air/water
system is characterized by a large two-phase density ratio, and separated flow
patterns such as full film flow and partial film flow cover large ranges [10]. The
database is mostly composed of HFCs, HCs and HFOs, whose two-phase density
ratio is relatively small [18]. Nino et al. [155] and Adams et al. [156] suggested
the homogeneous void fraction for fluids of small liquid-vapor density ratio and
separated void fraction for large density ratio. The new correlation assumes ho-
mogeneous flow and calculates the two-phase Fanning friction factor. When ap-
plied for NH3, this correlation significantly over-predicts the experimental data
[11]. The two-phase slip ratio of NH3 is much larger than 1. The homogeneous
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void fraction over estimates the averaged velocity and thus the shear force. Jas-
sim et al. [127] proposed to calculate the averaged density using the separated
void fraction model.

The visualization experiments indicate that the NH3 flow is separated [45]. To
the best of the authors’ knowledge, no void fraction model is specially developed
for PHEs, and related researches can be referred to. In micro-channels, Nino et
al. [155] and Adams et al. [156] tested the void fraction of five refrigerants rep-
resenting a large range of two-phase densities. The homogeneous void fraction
is suggested for refrigerants whose two-phase density ratio is small. A separated
void fraction model is proposed for refrigerants of large density ratio. Yashar et
al. [157] developed a separated void fraction model for smooth and micro-fin
tubes, which was validated by a large number of experimental data and showed
good performance [127].

da Silva Lima et al. [136] recommended the drift flux model of Rouhani and
Axelsson [158] to calculate the void fraction of NH3 during evaporation. Ac-
cording to Wojtan et al. [159] and El Hajal et al. [107], the void fraction model
of Rouhani and Axelsson [158] is suggested for evaporation, and the log mean
of this model and the homogeneous model is recommended for condensation.
Additionally, Keinath and Garimella [160] measured the void fraction in micro-
channels at large mass fluxes, and proposed a drift flux model. The void fraction
was not sensitive to flow patterns in the tested range. Jassim et al. [127] ana-
lyzed the frictional pressure drop of two-phase flow in PHEs. It was argued that
the homogeneous void fraction model over-predicted the averaged density cor-
responding to experimental data.

Figure 5.15 compares the void fraction models of Nino et al. [155] and Yashar
et al. [157]. The homogeneous model and Zivi’s [161] model are taken as ref-
erence. The homogeneous model is the upper limit. Zivi [161] derived the void
fraction model from entropy generation minimization, and claimed that his model
provides the lower limit. These two reference models are theoretical and are not
sensitive to mass fluxes. Void fractions increase sharply with vapor qualities at
low values, especially in the range of 0-0.2. The over-prediction of the homoge-
neous model is significant in this range. At higher vapor qualities, the prediction
of Nino et al. [155] model is significantly lower than Zivi’s [161] model. According
to the definition, all the void fraction models become 0 when the flow is pure liq-
uid, and approach 1 when it is pure vapor. When the vapor quality is increased
to 1, the void fraction of Nino et al. [155] is slightly lower than 1 for small mass
fluxes. The void fraction of Yashar et al. [157] is generally consistent with Zivi’s
[161], with the values larger at low vapor qualities and smaller at high vapor qual-
ities. Additionally, the models of Nino et al. [155] and Yashar et al. [157] increase
slightly with mass fluxes.
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Figure 5.15: Comparison of Nino et al. [155] void fraction and Yashar et al. [157] void fraction
for varying mass fluxes. The homogeneous model is the upper limit, while Zivi [161] provides the
lower limit.

Figure 5.16 shows the void fraction models of Rouhani and Axelsson [158]
and El Hajal et al. [107]. Rouhani and Axelsson’s [158] model was originally devel-
oped for flow boiling. This model is sensitive to mass fluxes and includes the in-
fluence of surface tension. The predicted values are lower than Zivi’s [161] model
at high vapor qualities. Since Rouhani and Axelsson’s [158] model is less suit-
able for high pressure, El Hajal et al. [107] calculated the log mean of this model
and homogeneous model for condensation. The predicted values of El Hajal et
al. [107] are between the homogeneous model and Zivi’s [161] model at low va-
por qualities, and approach Zivi’s [161] model from intermediate to high vapor
qualities.

The averaged density is calculated according to Eq. 2.6 using the models of
Zivi [161] and Rouhani and Axelsson [158]. The results are presented in Figure
5.17. Zivi [161] proposed a theoretical model and claimed to provide the lower
limit of void fraction. Rouhani and Axelsson’s [158] model is suitable for low pres-
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Figure 5.16: Comparison of Rouhani and Axelsson [158] void fraction and El Hajal et al. [107]
void fraction for varying mass fluxes. The homogeneous model is the upper limit, while Zivi [161]
provides the lower limit.

sure, which corresponds to the experimental data of this thesis.

According to Figure 5.17, both prediction methods show larger values than
the experimental data. The possible reason is that the estimated void fraction
is larger than the actual values in PHEs. At low vapor qualities, the prediction
based on Zivi [161] void fraction has deviations larger than three times. The slope
of the lines based on Rouhani and Axelsson’s [158] void fraction becomes flat at
intermediate vapor qualities. The flow passage of PHEs is approximately rect-
angular, and the ratio of width to length is small. The channel has a corrugated
structure and is interrupted by the contact points of adjacent plates. The void
fraction is different from what applies for smooth channels. Liquid is likely to
be held at the corner of the flow passages and at the contact points, which re-
duces the liquid velocity and increases the slip ratio. The void fraction conse-
quently decreases. Figure 5.18 shows the void fraction calculated by Wilson et
al.’s [162] model, which indicates the geometry influence by comparing round
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Figure 5.17: Frictional pressure drop of NH3 with varying averaged vapor quality and mass fluxes.
Comparison of experimental and predicted data. The prediction is from Tao and Infante Ferreira
(2019) and is based on the void fraction of Zivi [161] (solid lines) and Rouhani and Axelsson [158]
(R&A) (dashed lines).

tubes and oval tubes with and without microfins. The void fraction in oval tubes
is lower than in round tubes. The oval tubes are flatter for smaller heights and
have lower void fraction. Microfin tubes have generally lower void fraction than
smooth tubes. The void fraction of smooth-round tubes is close to Zivi [161]
model, while the micro-fins and oval structures reduce the void fraction. More-
over, in Figure 5.17, the experimental data increase sharply with vapor qualities,
which is a characteristic of separated flow.

Although the calculation proposed in Chapter 3 has been derived from an
extensive experimental database, the application is limited to the working fluids
covered by the database (HFCs, HCs and HFOs), which are characterized by small
two-phase density ratio and tend to stream in homogeneous flow [18]. Triplett
et al. [163] concluded that the homogeneous model predicted correctly the fric-
tional pressure drop of bubbly and slug flow, but significantly over-estimated the
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Figure 5.18: Influence of geometrical structure on void fraction. Round tubes and oval tubes with
and without microfins are compared. The oval tubes with 0.974 mm height are flatter than those
with 2.57 mm (adapted from Wilson et al., [162]).

data of annular flow. The flow of NH3 is separated. The frictional pressure drop
needs to be analyzed making use of a different approach [59].

5.4. CONCLUSIONS
In this Chapter, NH3 condensation in PHEs is experimentally investigated. The
experimental results are compared with selected correlations.

• In the tested ranges, the flow patterns are full film flow and partial film
flow. The transition mainly depends on the wetting characteristics. Full
film flow occurs at large liquid mass fluxes, while partial film flow takes
place at small liquid mass fluxes. The inlet distribution also plays a role.
The liquid is unevenly distributed among grooves close to the inlet, and
becomes uniform along the flow direction.

• HTCs increase significantly with vapor qualities. HTCs decrease with mass
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fluxes from 21 to 42 kgm−2s−1, and then increase with mass fluxes in 42-
78 kgm−2s−1. The transition is at the overall mass flux of 42 kgm−2s−1.
HTCs decrease slightly with increased saturated pressures. Heat transfer
is enhanced for partial film flow since vapor condenses directly on the dry
zones. In Chapter 3, the heat transfer correlations of Longo et al. [60] and
Kuo et al. [61] are recommended for HFCs, HCs and HFOs, but under-
predict the data of NH3.

• Frictional pressure drop increases sharply with vapor qualities and mass
fluxes. Larger two-phase mass fluxes enhance the shear forces at the in-
terface and at the wall. Frictional pressure drop slightly decreases with
increasing saturated pressures. In Chapter 3, a correlation of two-phase
Fanning friction factor is proposed for frictional pressure drop of HFCs,
HCs and HFOs, which over-predicts the data of NH3.

The HTCs and frictional pressure drop show the characteristics of separated
flow. The flow patterns result from the fluid properties of NH3 and form the basis
of predictive models for NH3 condensation in PHEs, which is discussed in Chap-
ter 6.



6
FLOW PATTERN BASED MODELS OF

NH3 CONDENSATION

In this Chapter, the theories of condensation in tubes are reviewed including heat
transfer and frictional pressure drop. These theories are referred to develop the
predictive models for PHEs. The heat transfer model is based on flow patterns and
identifies the transition of condensation mechanisms. The transition criterion re-
veals the wetting characteristics. A modified Lockhart-Martinelli model is pro-
posed to predict the frictional pressure drop, which characterizes separated flow.

This Chapter is adapted from: Tao, X., Infante Ferreira, C. A., 2020. NH3 condensation in a plate
heat exchanger: Flow pattern based models of heat transfer and frictional pressure drop. Int. J.
Heat Mass Transf. 154, 119774 [59].
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6.1. PREVIOUS PHYSICALLY BASED MODELLING OF CONDENSA-
TION

During condensation in tubes, the theory of heat transfer and frictional pressure
drop has been established to describe the physical process of two-phase flow.
The theoretical researches on PHEs are limited, and the geometric influence is
not thoroughly understood. This Section reviews the previous studies that are
used as the starting points to develop the predictive models.

6.1.1. HEAT TRANSFER MODELS BASED ON FLOW PATTERNS

During the condensation in horizontal tubes, flow pattern based heat transfer
models have been recognized to be accurate and widely applicable. Annular
flow is modelled as fully convective condensation. Stratified flow is considered
to combine gravity-controlled condensation at the top of the tube and convec-
tive condensation at the bottom, and gravity-controlled condensation is mostly
dominant. Slug and churn flows fall into these two regimes and are not analyzed
separately. Bubbly flow only takes place at large mass fluxes, which go beyond
the general operating ranges of condensation [68, 106, 107, 126]. Some papers
used different terms, but the physical interpretation is similar [164].

Dobson and Chato [106] experimentally analyzed the reliance of HTCs on
flow patterns. The flow patterns are classified into gravity-controlled flow and
shear-controlled flow. In gravity-controlled regime, HTCs are sensitive to tem-
perature driving force but are almost independent of mass fluxes. The HTCs
of shear-controlled flow are characterized by the significant influences of mass
fluxes and vapor qualities. These authors proposed mechanistic models for these
two condensation regimes.

Thome et al. [126] developed heat transfer models on the basis of a flow pat-
tern map [107]. The liquid film thickness is assumed to be uniform for annular
flow. The film thickness is calculated using a void fraction model [158]. Con-
vective condensation takes place for annular flow. For stratified flow, the film is
considered as a part of the annular ring located at the bottom, where convective
condensation prevails. The wall is unwetted at the top, where the Nusselt theory
is applied. The portions of the two condensation mechanisms are determined
by stratified angles. To predict NH3 in-tube (8 mm diameter) condensation, Park
and Hrnjak [42] kept the flow pattern map and condensation mechanisms of El
Hajal et al. [107] and Thome et al. [126], but modified the heat transfer correla-
tions.

Cavallini et al. [68] divided the condensation mechanisms according to the
dependence on temperature driving force. Temperature driving force indepen-
dent regime is equivalent to convective condensation, while temperature driv-
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ing force dependent regime is similar to gravity-controlled condensation. The
non-dimensional gas velocity, JG, is calculated in Eq. 2.20. When JG is larger
than the transition value, convective condensation applies. At smaller values of
JG, the HTC combines convective condensation and Nusselt correlations. Fronk
and Garimella [37, 69] developed a heat transfer model for NH3 condensation in
small diameter tubes (0.98, 1.44 and 2.16 mm). They also used JG as the transi-
tion criterion. For annular flow, the heat transfer is enhanced by the interfacial
roughness arising from two-phase momentum difference. The correlations of
Cavallini et al. [68] were recommended for non-annular flow.

The above models have been proposed for horizontal flow. Shah [164] speci-
fied the influence of flow directions. During horizontal flow, condensation mech-
anisms were divided into convective condensation and gravity-controlled con-
densation. Fully gravity-controlled condensation only happens for vertical and
inclined flow. The difference between gravity-controlled condensation and fully
gravity-controlled condensation is the convection effect. For gravity-controlled
condensation, convection still contributes to heat transfer. The convection at-
tenuates during fully gravity-controlled condensation. Instead of analyzing flow
patterns, Shah [164] developed the heat transfer models by fitting a large number
of experimental data.

Figure 6.1 shows several transition lines. Dobson and Chato [106] used Soli-
man’s modified Froude number to distinguish stratified flow from annular flow
[165]. The transition generally happens at higher vapor quality for small mass
fluxes. El Hajal et al. [107] differentiated stratified flow and annular or inter-
mittent flow using the void fraction and stratified angle. Stratified flow includes
fully-stratified flow and stratified-wavy flow, whose difference results from the
occurrence of waves at the two-phase interface. These two sub-flow patterns
are considered the same in terms of condensation mechanisms. Cavallini et al.
[68] classified the condensation mechanisms by referring to JG. The variation of
HTCs is gradual during transition. According to Shah [164], vertical and inclined
flows have smaller transition mass fluxes than horizontal flow. Fully gravity-
controlled condensation only happens at small mass fluxes and high vapor qual-
ities for vertical and inclined flow, where little condensate accumulates at the
bottom of the tubes and convection is negligible.

6.1.2. FRICTIONAL PRESSURE DROP MODELS BASED ON FLOW PATTERNS

Two-phase flow is divided into homogeneous flow and separated flow. The ho-
mogeneous model assumes the two-phase velocities are the same, and the flow
is considered as an equivalent fluid. Bubbly flow and mist flow are generally cat-
egorized as homogeneous flow. According to the separated flow model, vapor
velocity is larger than liquid mainly because of the density ratio. Separated flow
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Figure 6.1: Transition of condensation mechanisms. The criteria of Cavallini et al. [68], El Hajal et
al. [107] and Dobson and Chato [106] were developed for horizontal tubes. Shah [164] included
horizontal, vertical and inclined tubes.

includes stratified flow and annular flow.

The separated flow model calculates the two-phase frictional pressure drop
by summing the liquid pressure drop, vapor pressure drop and the pressure drop
at the interface. Lockhart and Martinelli [57] analyzed separated flow by assum-
ing the static pressure drops of liquid and vapor are the same. This assump-
tion applies to space unchanged flow patterns and excludes intermittent flow.
Chisholm [58] developed the theoretical basis of this model and specified the in-
terfacial shear force. According to the theoretical assumption, the liquid and va-
por streams have the same flow mechanisms for two-phase flow as single-phase
flow. Homogeneous flow is a special case of this model with zero slip and uni-
form density. In this case, the experimental data are generally over-predicted.

Friedel [166] claimed that the frictional pressure drop depends on the flow
direction because the slip at the two-phase interface is different. Under grav-
ity, liquid moves faster vertically downward, resulting in larger void fraction or
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smaller slip ratio. One correlation was proposed for horizontal and vertically up-
ward flow, while another one was developed for vertically downward flow. Ad-
ditionally, surface tension affects the frictional pressure drop by acting on the
two-phase interface.

Müller-Steinhagen and Heck [167] analyzed the sensitivity of frictional pres-
sure drop with vapor qualities, and observed a peak value for x ≈ 0.85. At higher
vapor qualities, the frictional pressure drop decreases as a smaller amount of
liquid reduces the interfacial shear force. A correlation was developed and was
compared with others. This correlation satisfactorily predicted the experimental
database which is mainly composed of air/water and steam/water. The homoge-
neous correlations were only applicable for low vapor qualities, while Lockhart-
Martinelli [57] model generally over-predicted the experimental data.

During NH3 condensation in a tube (8 mm diameter), Park and Hrnjak [42]
recommended the models of Friedel [166] and Müller-Steinhagen and Heck [167]
for the experimental frictional pressure drops in the range above 1 kPam−1, which
were predicted to be intermittent or annular flow. For values below 1 kPam−1, the
homogeneous model had better performance. Under these conditions stratified
flow was expected to occur. Stratified flow is separated flow, but the two-phase
velocity difference is small because of the small mass fluxes. Fronk and Garimella
[168] measured the frictional pressure drop during NH3 condensation inside a
small diameter tube (1.44 mm). The experimental data were under-predicted by
the Friedel [166] model for about 30%. The deviation is mainly attributed to the
large surface tension of NH3.

Figure 6.2 compares the separated flow models. The trends of these mod-
els are similar. With increasing vapor qualities, the two-phase pressure drop
increases at low and intermediate values, and then decreases when approach-
ing pure vapor. The maximum two-phase pressure drop is between x = 0.8 and
x = 0.9. The changes of the liquid and vapor pressure drop are monotonic. Vapor
pressure drop is much larger than liquid pressure drop because the two-phase
densities and viscosities of NH3 differ dramatically. The interfacial pressure drop
is larger at intermediate vapor qualities when both phases play roles.

6.2. DEVELOPMENT OF A HEAT TRANSFER MODEL

In this Section, a heat transfer correlation is firstly developed for convective con-
densation. The transition criterion of condensation mechanisms is established
depending on the wetting characteristics. A heat transfer correlation for com-
bined condensation is also developed, and is composed of convective conden-
sation and gravity-controlled condensation.
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Figure 6.2: Comparison of models by dividing the two-phase pressure drop into the liquid pres-
sure drop, vapor pressure drop and the pressure drop at the interface. The separated models are
Lockhart and Martinelli [57] model (L&M) [58], Friedel [166] model and Müller-Steinhagen and
Heck [167] model (M-S&H). The single-phase correlation is from Kast et al. [62].

6.2.1. CONVECTIVE CONDENSATION

During NH3 condensation in a PHE, the flow patterns are full film flow and par-
tial film flow below 100 kgm−2s−1 [45]. For full film flow, the wall surface is com-
pletely wetted by the liquid. Full film flow is equivalent to annular flow in tubes,
but the liquid cannot develop a regular ring around the plate surface due to the
corrugated flow passages. The interaction between the vapor in the core and the
liquid around it gives rise to convective condensation.

All the heat is transferred through the liquid film, where the heat transfer pro-
cess is similar to single-phase flow. Vapor phase shaves the two-phase interface
and enhances the heat transfer. The two-phase multiplier approach was origi-
nally developed for annular flow in tubes and is applicable for the full film flow in
PHEs [56]. The two-phase multiplier depends on the vapor flow and two-phase
fluid properties. It generally has the form of Eq. 6.1. αcc is the HTC of convective



6.2. DEVELOPMENT OF A HEAT TRANSFER MODEL

6

135

condensation. αL is the liquid HTC and only identifies the liquid mass flux. It
is calculated using the liquid Reynolds number, ReL. In Eq. 6.2, the liquid only
HTC,αLO, assumes all the fluid is liquid and is determined according to VDI [20].
fD,LO is the Darcy friction factor and is calculated in Eqs. 6.4-6.6 [20, 141]. This
equation is derived from a large range of geometrical parameters and agrees well
with the H2O HTCs presented in Section 4.2.1 [45, 132]. Eq. 6.3 shows the dif-
ference between αL and αLO. fD,L/ fD,LO is approximately 1 especially for large
chevron angles. Eqs. 2.11-2.12 calculate ReLO and ReL.

αcc =αLF (x,ρL/ρG,G) (6.1)

αLO = 0.122( fD,LO sin2β)0.374Re0.748
LO Pr 0.333

L

(
µ

µwall

)0.167 λL

dh
(6.2)

αL = 0.122( fD,L sin2β)0.374Re0.748
L Pr 0.333

L

(
µ

µwall

)0.167 λL
dh

=αLO

(
fD,L

fD,LO

)0.374
(1−x)0.748 ≈αLO(1−x)0.748

(6.3)

fD,LT1 =
{

64Re−1, Re < 2000
(1.8log10(Re)−1.5)−2, Re ≥ 2000

(6.4)

fD,LT2 =
{

3.8(597Re−1 +3.85), Re < 2000
3.8(39Re−0.289), Re ≥ 2000

(6.5)

fD =
(

cosβ

(0.18tanβ+0.36sinβ+ fD,LT1/cosβ)0.5 + 1−cosβ

f 0.5
D,LT2

)−2

(6.6)

In order to confine the experimental data to fully developed convective con-
densation, only data with GL > 40 kgm−2s−1 are included to develop the corre-
lation. Eq. 6.7 is obtained by multi-variable regression analysis. The first term
of the two-phase multiplier interprets the enhancement contributed by the va-
por flow. It approaches 0 when x is 0, indicating that the enhancement vanishes
as the fluid becomes liquid only. In Eq. 2.3, Co is the convection number and
represents the slip velocity at the two-phase interface. As the reduced pressure
increases, the two-phase properties become alike and the density ratio is close
to 1, suppressing the slip at the interface. In Eq. 2.18, the liquid Froude number,
F rL, is the ratio of inertia to gravity, and indicates the dominance of momentum
effect or stratifying effect for separated flow [169]. The second term in the bracket
of Eq. 6.7 specifies the difference between αLO and αL. αcc becomes αLO when
the flow is single-phase liquid.
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Figure 6.3: Applicability of the correlation of convective condensation (Eq. 6.7) in terms of W eL.
Eq. 6.7 is applicable for large W eL, and is inapplicable for small W eL. The transition criterion is
W eL = 0.12.

αcc =αLO

 0.17Co−1.12F r−0.2
L︸ ︷︷ ︸

vapor flow enhancement

+ (1−x)0.748︸ ︷︷ ︸
difference between αLO and αL

 (6.7)

The previous analysis is restricted to the data with GL > 40 kgm−2s−1. Con-
vective condensation extends to lower liquid mass fluxes. In small diameter chan-
nels, the magnitude of surface tension becomes prominent relative to gravity and
shear force. Larger surface tension promotes the change from annular flow to
wavy flow in tubes [170]. The surface tension affects the wetting characteristics
and condensation mechanisms, while the inertial force tends to distribute the
liquid film around the wall surface. In Eq. 2.15, the liquid Weber number, W eL,
is the ratio of liquid inertia to surface tension. W eL is used to distinguish the
condensation mechanisms. Eq. 6.7 is used to predict all the experimental data,
and the comparison is presented in Figure 6.3. When W eL > 0.12, the experi-
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Figure 6.4: Comparison of the flow pattern map with the criterion of condensation mechanisms
(W eL = 0.12). Full film flow takes place for W eL > 0.12. Partial film flow happens for W eL < 0.12.
The transition line of condensation mechanisms agrees with the change of flow patterns.

mental data are well predicted, and the deviation is within ±20%. As W eL < 0.12,
the experimental data are under predicted. Another condensation mechanism
is involved, which enhances the heat transfer. The value of W eL = 0.12 is the
transition criterion of condensation mechanisms.

The transition line is presented in Figure 6.4, which agrees well with the change
of flow patterns. As compared with Figure 6.1, the transition mass flux is smaller
than that in horizontal tubes, but is close to the value for vertical and inclined
tubes. The flow direction affects the transition of condensation mechanisms
because of the interaction between gravity and shear force. For fully gravity-
controlled condensation, the condensate film formed on the wall flows almost
vertically downward. By contrast, interfacial shear force dominates for convec-
tive condensation. The condensate film is less affected by gravity and flows along
the main flow direction. The transition depends on the relative magnitudes of
gravity and shear force. The flow in the corrugated groove of PHEs is similar
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to inclined downward flow in tubes [45]. The gravity is divided into the direc-
tions parallel to the groove and perpendicular to the groove [171]. Gravity sup-
plements the shear force and has reduced stratifying effect. Consequently, con-
vective condensation is promoted for inclined downward flow.

The transition happens at higher vapor quality for large mass fluxes. This
trend of the transition line is different from Figure 6.1. The criterion of PHEs is
based on the wetting characteristics, while the criteria of tubes are mainly de-
rived from JG. The possible reason is the difference in channel geometries. The
velocity distribution is not uniform within the flow section. The velocity is larger
at the center and becomes smaller close to the wall. The vapor has a larger ve-
locity than the liquid. The vapor with large inertia pushes the liquid radially. In
circular tubes, the force is nearly uniform in circumferential direction, and liq-
uid tends to reside on the wall uniformly. Larger vapor mass fluxes enhance the
inertia effect so as to overcome the stratifying effect. PHEs have irregular flow
section, and the ratio of width to length is small. The liquid is pushed by the
vapor in all directions. The corrugated surface breaks up the liquid film and dis-
tributes the broken droplets randomly. Consequently, a certain amount of liquid
is required to completely wet the wall and to promote convective condensation.
Larger liquid mass fluxes also enhance the waviness of the film flow and change
the flow patterns.

In PHEs, the transition mass fluxes of other refrigerants are smaller than for
NH3. According to Longo et al. [60], the transition mass fluxes are about 20
kgm−2s−1 for HFCs and HFOs (R134a, R410A, R236fa, R1234yf, R1234ze(E)), and
are around 15 kgm−2s−1 for HCs (R600a, R290, R1270). Mancin et al. [80] stated
that the transition values are around 20 kgm−2s−1 for R410A and R407C. Thonon
and Bontemps [82] identified the transition mass fluxes as 5-13 kgm−2s−1 for
R601, R600 and R290. These experiments were conducted at small mass fluxes,
and the HTCs of gravity-controlled condensation are larger than convective con-
densation. Zhang et al. [66] concluded that the transition mass fluxes are about
20 kgm−2s−1 for R134a and R1234ze(E). Sarraf et al. [27] reported condensa-
tion of R601 in the range of 9-30 kgm−2s−1. Gradual transition happens at 10-20
kgm−2s−1 and relies on the vapor qualities. The difference can be attributed to
the surface tension. NH3 has larger surface tension and reduces the wettability.
The mass flux needs to be larger for complete wetting. Consequently, gravity-
controlled condensation extends to larger mass fluxes.

6.2.2. COMBINED CONDENSATION

During the visualization experiments of NH3 condensation in a PHE [45], the
flow direction of the fluid is observed to be a combination of crossing flow and
wavy longitudinal flow. The flow in grooves is inclined downward. As the liquid
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mass fluxes decrease, a part of the wall surface is not wetted. The flow pattern be-
comes partial film flow, and some vapor is in contact with the wall directly. Partial
film flow is similar to stratified flow in tubes. The condensation deviates from
convective condensation and shows similarity to gravity-controlled condensa-
tion. Convective condensation occurs in the wetted area. In the dry zones, the
condensation is similar to the Nusselt’s theory except for the influence of shear
force. The vapor phase exerts shear force on the thin condensate film and en-
hances the heat transfer [172]. In Eq. 6.8, the heat transfer correlation combines
convective condensation, αcc, with gravity-controlled condensation, αgc. Θ is
the fraction of convective condensation. Because the overall heat transfer area is
only composed of these two mechanisms, the fraction of gravity-controlled con-
densation can be determined as 1−Θ.

αc =Θαcc + (1−Θ)αgc (6.8)

The flow pattern changes gradually from full film flow to partial film flow,
and the HTC of convective condensation is identified to be the same as given
by Eq. 6.7. Θ needs to be determined before calculating the gravity-controlled
condensation. During the condensation in horizontal tubes, for stratified flow,
Dobson and Chato [106] and Thome et al. [126] estimated the fraction of gravity-
controlled condensation by using the wetted angle. Cavallini et al. [68] used JG

to quantify the fraction of gravity-controlled condensation. In PHEs, the wetted
angle is difficult to measure. As shown in Eq. 6.9, Θ is determined to be the ratio
of liquid Weber number to the transition liquid Weber number. The fraction of
the wetted area increases with the liquid mass flux [173], and Eq. 6.8 approaches
convective condensation.

Θ=W eL/W eL,T (6.9)

In Eq. 6.10, the Nusselt correlation is kept as the starting point [79]. The origi-
nal Nusselt correlation is based on several assumptions. The deviations from the
assumptions have minor influences, or the resulting overprediction and under-
prediction partly offset each other. Consequently, the correlation is applicable in
wide ranges of conditions [174]. Nevertheless, most of the complicating factors
in the confined channels enhance heat transfer, and thus the influences need to
be identified. The film thickness reduces when the vapor shaves the interface.
The vapor flow accelerates the condensate film and generates waves, contribut-
ing to film convection [174–177]. It is recommended to modify original Nusselt
correlation by identifying vapor flow and shear force [106, 178]. In Eq. 6.10, PrL

and Co are used. PrL indicates the relative importance of convection and con-
duction. Co is included to quantify the enhancement contributed by two-phase
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Figure 6.5: Comparison of NH3 condensation HTCs with the proposed model. Mean error (ME):
1
n

∑n
1
αpre−αexp

αexp
; Mean absolute error (MAE): 1

n
∑n

1
|αpre−αexp|

αexp
; Root mean squared error (RMSE):√

1
n

∑n
1

(
αpre−αexp

αexp

)2
; Per±20%: Percentage of experimental data within ±20%; Per±30%: Percent-

age of experimental data within ±30%; Per±50%: Percentage of experimental data within ±50%.

slip, and the constants are obtained by fitting the data.

αgc = 0.36Co−0.28

(
gρL(ρL −ρG)∆hLGλ

3
L

µL∆T dh

)0.25

Pr 0.333
L (6.10)

The original Nusselt correlation is derived for free flow on a vertical plate, and
the characteristic length is the plate length. When extended to confined channels
such as tubes [68, 106, 126, 164], the Nusselt correlation uses the tube diameter,
which better characterizes the flow channels. In PHEs, the flow is interrupted by
the corrugation, and the liquid film cannot be fully developed in the plate length.
The hydraulic diameter characterizes the flow channels where the liquid film is
developed locally.
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Table 6.1: Two-phase fluid properties of typical refrigerants at Tsat=20 °Ca

Psat
[kPa]

Psat/Pcr
[-]

ρG
[kgm−3]

ρL
[kgm−3]

µG
[µPas]

µL
[µPas]

∆hLG
[kJkg−1]

σ

[mNm−1]
λL
[Wm−1K−1]

PrL
[-]

NH3 857 0.075 6.70 610 9.69 134 1186 21.7 0.481 1.32
R601 57 0.017 1.72 626 6.61 230 370 16.0 0.114 4.64
R600a 302 0.083 7.91 557 7.36 159 334 10.6 0.091 4.20
R600 208 0.055 5.31 579 7.21 167 367 12.5 0.107 3.78
R290 836 0.197 18.08 500 8.01 102 344 7.6 0.096 2.84
R134a 572 0.141 27.78 1225 11.49 207 182 8.7 0.083 3.50
R410A 1447 0.295 56.80 1083 13.33 126 194 6.0 0.092 2.27
R1234ze(E) 427 0.118 22.61 1179 11.92 203 171 9.6 0.076 3.66
Air/water 857b - 10.22 999 18.32 1001 - 72.8c 0.598 7.00
a The fluid properties are calculated using Refprop 9.1 [39]
b This is not the saturated pressure, but the pressure used to determine the fluid properties of
mixture
c The surface tension of mixture is calculated using Vargaftik et al. [109]

6.2.3. ASSESSMENT OF HEAT TRANSFER MODEL

Figure 6.5 compares the proposed heat transfer model with the experimental
data from Chapter 5 [45]. 96.3% of the experimental data are predicted within
±20%. The MAE is 7.4%. The data are composed of convective condensation and
combined condensation. This model predicts accurately the noticeable sensitiv-
ity to vapor qualities and moderate sensitivity to mass fluxes.

In Chapter 3, an extensive experimental database is developed for conden-
sation in PHEs [18]. The database is composed of HFCs, HCs and HFOs, which
mostly have much smaller two-phase density ratio than NH3. Table 6.1 gives the
fluid properties of typical refrigerants and air/water mixture. R601, R600a and
R600 also have large two-phase density ratio, and are used to validate the pro-
posed heat transfer correlations.

Sarraf et al. [27] measured the local HTCs during R601 condensation in a
PHE, and the experimental data are presented in Figure 6.6(a). HTCs increase
sharply with vapor qualities, and are less sensitive to mass fluxes. Larger mass
fluxes slightly reduce the HTCs at low vapor qualities, and have greater influ-
ences at high vapor qualities. The model predicts well the trends of vapor quali-
ties. Because of the large two-phase density ratio, a slight rise of the vapor quali-
ties greatly intensifies the shear force and enhances the heat transfer. According
to the proposed model, the shear force is weak at low vapor qualities. Larger
mass fluxes promote full film flow. Larger wetted areas reinforce the liquid film,
which serves as heat transfer resistance. The scatter is larger at high vapor quali-
ties. The model is derived from data limited to low and intermediate vapor qual-
ities. Moreover, the measurement at high vapor qualities has large uncertainties.
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Figure 6.6: Validation of the new heat transfer model, Eqs. 6.7-6.10, with the experimental data of
(a) Sarraf et al. [27], (b) Longo [78], (c) Thonon and Bontemps [82]. The prediction is accurate for
the vapor qualities of 0-0.8 and the mass fluxes of 20-80 kgm−2s−1.

Larger HTCs reduce the temperature difference and enlarge the relative uncer-
tainty for given sensor accuracy. Fortunately, because of the small heat transfer
resistance, the heat transfer areas corresponding to high vapor qualities account
for a small portion of PHEs, which brings about limited design uncertainty.

Longo [78] and Thonon and Bontemps [82] measured the overall HTCs dur-
ing the complete condensation of R600a, R600 and R601. Figures 6.6(b) and
6.6(c) compare the experimental data with prediction. The averaged vapor qual-
ity is the integrated mean value of the whole condenser. Shah [56] argued that
the averaged vapor quality is closer to 0.4 than 0.5. Larger mass fluxes have mi-
nor influences on HTCs, which is the compensating effect of larger shear force
and thicker liquid film. The model is more accurate at large mass fluxes, but
overpredicts the experimental data at small mass fluxes.

In summary, the model can be extended from NH3 to other refrigerants of
large two-phase density ratio. The model is applicable to the vapor qualities of 0-
0.8 and the mass fluxes of 20-80 kgm−2s−1. Application to higher vapor qualities
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and smaller mass fluxes should be with concern. The foremost PHE geometries
are hydraulic diameters and chevron angles, which generally span the range of
3-8 mm and 25°-70°, respectively [18]. The heat transfer model is a two-phase
multiplier approach. The involved single-phase correlation identifies geomet-
ric parameters [20]. The model is expected to apply to most commercial chevron
PHEs with standard geometries. The influence of saturated pressure is mainly at-
tributed to vapor density, liquid thermal conductivity and latent heat. The model
is suitable for low reduced pressure.

Figure 6.7 shows a sensitivity analysis according to the proposed heat transfer
model, indicating a sharp increase with vapor qualities. In Figure 6.7(a), the con-
densation mechanism is combined condensation at 20 kgm−2s−1 since the wall
cannot be completely wetted. At larger mass fluxes, convective condensation
applies at low vapor qualities and changes into combined condensation with in-
creasing vapor qualities. Combined condensation takes place when parts of the
wall become dry. The transition vapor quality is higher for larger mass fluxes.
When the condensation mechanism remains the same, HTCs increase with mass
fluxes. It applies for both combined condensation at high vapor qualities and
convective condensation at low vapor qualities. For lower vapor qualities, the
HTCs at 20 kgm−2s−1 are larger because the earlier transition to combined con-
densation. Figure 6.7(b) shows the influence of saturated pressures. The HTCs
are slightly larger for lower condensation pressures. The larger two-phase den-
sity ratio and viscosity difference intensify the shear force. Additionally, the ther-
mal conductivity of liquid is larger for low pressures. The condensation mecha-
nism changes close to the vapor quality of 0.4. Lower saturated pressures slightly
reduce the transition vapor quality.

6.3. DEVELOPMENT OF FRICTIONAL PRESSURE DROP MODEL
The frictional pressure drop is less affected by the transition of condensation
mechanisms. Thus a unified model is developed in this Section. The original
Lockhart-Martinelli model is firstly presented, and then is modified to identify
the influence of surface tension and the contribution of the vapor pressure drop.

6.3.1. SEPARATED FLOW MODEL

Both full film flow and partial film flow are separated two-phase flows. The va-
por phase has larger velocity than the liquid phase. The two-phase frictional
pressure drop is the sum of the liquid pressure drop, vapor pressure drop and in-
terface pressure drop. Lockhart-Martinelli model is selected as the starting point
to predict the frictional pressure drop.

The original Lockhart-Martinelli model was developed for tubes and has the
form of Eqs. 6.11-6.15 [57, 58]. X is the ratio of the liquid to vapor pressure drops.
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Figure 6.7: Sensitivity of the HTCs to vapor qualities for (a) different mass fluxes, (b) different
condensation pressures. cc: convective condensation, c: combined condensation.
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X determines the contributions of liquid and vapor pressure drops. The value of
X depends on whether the liquid and vapor are laminar or turbulent. Eqs. 2.1-2.2
apply to turbulent-turbulent flow and laminar-laminar flow based on the single-
phase pressure drop correlations in tubes [62]. X is a function of vapor qualities
and two-phase fluid properties. The ratios of densities and viscosities determine
the two-phase slip at the interface. Eq. 6.11 can be converted into Eq. 6.16 by
substituting Eqs. 6.12-6.13.

φ2
L = 1+ C

X
+ 1

X 2 (6.11)

X 2 = ∆PL

∆PG
= fD,L

fD,G

(
1−x

x

)2 ρG

ρL
(6.12)

φ2
L = ∆PTP

∆PL
(6.13)

∆PL = 2 fL
G2

L

ρL

Lp

dh
= 2 fL

G2(1−x)2

ρL

Lp

dh
(6.14)

∆PG = 2 fG
G2

G

ρG

Lp

dh
= 2 fG

G2x2

ρG

Lp

dh
(6.15)

∆PTP = ∆PL︸︷︷︸
liquid pressure drop

+ C
√
∆PL∆PG︸ ︷︷ ︸

interface pressure drop

+ ∆PG︸︷︷︸
vapor pressure drop

(6.16)

In PHEs, the ratio of fD cannot be easily represented by vapor quality and
fluid properties like for tubes in Eqs. 2.1-2.2. As shown in Eqs. 6.4-6.6, fD,L and
fD,G are calculated based on single-phase flow correlations. It is recommended
to calculate X according to Eq. 6.13 or calculate ∆PTP directly using Eq. 6.16.
The interface pressure drop is proportional to the geometric mean of the liquid
and vapor pressure drops. The two-phase frictional pressure drop approaches
the liquid or vapor pressure drop when x is 0 or 1, respectively. The interface
pressure drop vanishes as the fluid becomes single phase.

During two-phase flow, the Lockhart-Martinelli model assumes that the va-
por flow mechanism stays the same as for single-phase flow [58]. As shown in
Figure 6.2, the vapor pressure drop is predicted to be larger than the prediction
of other models. Müller-Steinhagen and Heck [167] proposed the model intro-
duced in Eq. 6.17, where ∆PLO and ∆PGO are the liquid only and vapor only
pressure drops, respectively. This model is limited by the liquid and vapor pres-
sure drops when the fluid becomes single phase. In order to be compared with
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Lockhart-Martinelli model, it is converted into Eq. 6.18. For fluids with large two-
phase density ratio, the vapor pressure drop contributes primarily to the overall
pressure drop. The Lockhart-Martinelli model involves the vapor pressure drop
directly, while the model of Müller-Steinhagen and Heck reduces the contribu-
tion by multiplying with ( fD,GO/ fD,G)x. In PHEs, the single-phase frictional pres-
sure drop identifies the influence of corrugated flow passages and has large val-
ues because of the geometry induced momentum dissipation [20]. The direct
inclusion of vapor pressure drop over-predicts the two-phase pressure drop. The
proposed model is presented in Eqs. 6.19-6.20. The contribution of the vapor
pressure drop is modified and is proportional to the vapor quality.

∆PTP = (1−x)1/3∆PLO +2x(1−x)1/3(∆PGO −∆PLO)+x3∆PGO (6.17)

∆PTP = fD,LO

fD,L
(1−x)−5/3∆PL︸ ︷︷ ︸

liquid pressure drop

+2x(1−x)1/3(∆PGO −∆PLO)︸ ︷︷ ︸
interface pressure drop

+ fD,GO

fD,G
x∆PG︸ ︷︷ ︸

vapor pressure drop
(6.18)

The original Lockhart-Martinelli model was reported to over-predict the fric-
tional pressure drop when the surface tension becomes dominant [41, 179]. Larg-
er surface tension reduces the wetted area and flow resistance contributed by the
large viscosity of the liquid phase [40]. Surface tension tends to smooth the two-
phase interface and reduce the pressure drop [41]. The friction at the two-phase
interface depends on flow patterns, and the Lockhart-Martinelli model should be
modified accordingly [180]. Lower values of C are recommended when surface
tension dominates at small diameter channels. In Eqs. 6.19-6.20, C is selected
to be 2. Eq. 6.20 is obtained by substituting Eqs. 6.12-6.13 into Eq. 6.19. The
single-phase pressure drop is calculated using the friction factor obtained from
Eqs. 6.4-6.6. The two-phase frictional pressure drop is limited by single-phase
pressure drop when the flow becomes liquid or vapor.

φ2
L = 1+ 2

X
+ x

X 2 (6.19)

∆PTP = ∆PL︸︷︷︸
liquid pressure drop

+ 2
√
∆PL∆PG︸ ︷︷ ︸

interface pressure drop

+ x∆PG︸ ︷︷ ︸
vapor pressure drop

(6.20)

6.3.2. ASSESSMENT OF FRICTIONAL PRESSURE DROP MODEL

In Figure 6.8, the proposed frictional pressure drop model predicts 73.8% of the
experimental data within ±20%. The MAE is 14.6%. The data are divided into
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Figure 6.8: Comparison of NH3 frictional pressure drop with the present model. Mean error

(ME): 1
n

∑n
1
∆Ppre−∆Pexp

∆Pexp
; Mean absolute error (MAE): 1

n
∑n

1
|∆Ppre−∆Pexp|

∆Pexp
; Root mean squared er-

ror (RMSE):

√
1
n

∑n
1

(
∆Ppre−∆Pexp

∆Pexp

)2
; Per±20%: Percentage of experimental data within ±20%;

Per±30%: Percentage of experimental data within ±30%; Per±50%: Percentage of experimental
data within ±50%.

full film flow and partial film flow according to W eL,T = 0.12, which correspond
to convective condensation and combined condensation, respectively. The ex-
perimental data of partial film flow are slightly over-predicted. For partial film
flow, parts of the wall are sheared by the vapor instead of liquid, and the overall
flow resistance is reduced. Moreover, the shear force at the two-phase interface
is reduced since the interface shrinks and the vapor contacts the wall directly.

In Table 6.1, the two-phase fluid properties of air/water are similar to those of
NH3 with large density ratio and surface tension. The flow characteristics are ex-
pected to be similar. According to the experimental results of Tribbe and Müller-
Steinhagen [105] and Winkelmann [19], the frictional pressure drop increases
linearly with the vapor quality, which is the mass flow ratio of air to water. No
maximum value exists at the region of high vapor qualities as shown in Figure
6.2. The two-phase pressure drop is the sum of three components. In tubes with
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Figure 6.9: Sensitivity of the frictional pressure drop with vapor qualities for (a) different mass
fluxes, (b) different condensation pressure. ff: full film flow, pf: partial film flow.
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smooth surface, the liquid and vapor pressure drops are limited, while the inter-
face pressure drop is noticeable because of the sags and crests. The maximum
pressure drop results from the shear force at the two-phase interface. The cor-
rugated channels of PHEs significantly intensify the single-phase pressure drop
[20]. Bumpy two-phase interface is unlikely to further aggravate the momentum
dissipation superposed to the wall friction. The interface pressure drop becomes
secondary. Thus the two-phase pressure drop is proportional to vapor qualities.
These data cannot be used to validate the proposed model because the operating
conditions are not reported [19, 105].

The model is limited to two-phase NH3 flow. It is expected to cover the vapor
qualities of 0-1 and the mass fluxes of 20-80 kgm−2s−1. Experimental data at high
vapor qualities are not obtained. But the model approaches vapor only pressure
drop with increasing vapor qualities, which agrees with physical interpretation.
Similar to the proposed heat transfer model, the pressure drop model appears to
be applicable to most commercial chevron PHEs and low reduced pressure. The
sensitivity to geometric parameters is included in the single-phase correlations
[20].

Figure 6.9 presents the sensitivity of frictional pressure drop calculated from
the proposed model. The frictional pressure drop increases dramatically with
vapor qualities as the vapor phase occupies a larger portion of the flow section. In
Figure 6.9(a), larger mass fluxes increase the frictional pressure drop significantly
and contribute to a later transition of flow patterns in terms of vapor qualities.
As shown in Figure 6.9(b), the saturated pressure has a minor influence at low
vapor qualities where the frictional pressure drop is mainly contributed by the
liquid phase. Higher saturated pressure has larger vapor density and reduces the
volume flux significantly at high vapor qualities. Thus the slip and shear force
between phases decrease.

6.4. CONCLUSIONS
In this Chapter, the wetting characteristics and interfacial properties of two-phase
flow patterns are analyzed for NH3 condensation in PHEs. Based on the analysis,
heat transfer and frictional pressure drop models are derived from the experi-
mental data presented in Chapter 5.

• The heat transfer model is presented in Eqs. 6.7-6.10. It distinguishes
convective condensation and combined condensation. Convective con-
densation happens for full film flow, and a two-phase multiplier correla-
tion has been developed. Combined condensation takes place for partial
film flow. The heat transfer is composed of convective condensation and
gravity-controlled condensation. The HTCs of gravity-controlled conden-
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sation deviate from Nusselt’s theory because of the two-phase shear force
and liquid convection. The transition criterion of condensation mecha-
nisms is W eL,T = 0.12. A cross validation shows that the model is applicable
for other refrigerants of similar fluid properties to NH3.

• A unified model of separated flow is developed for frictional pressure drop,
which is shown in Eqs. 6.19-6.20. The Lockhart-Martinelli model is mod-
ified to identify the reduction of vapor pressure drop and the influence of
surface tension on the interface pressure drop.





7
CONCLUSIONS AND

RECOMMENDATIONS

Condensation within PHEs is investigated in this thesis experimentally and theo-
retically. NH3 condensation is experimentally investigated, resulting in heat trans-
fer and frictional pressure drop correlations based on flow patterns. This work
mainly focuses on the analysis of NH3 condensation in PHEs. The two-phase verti-
cally downward flow of other working fluids is analyzed by collecting experimental
data from literature, including the flow patterns of air/water, as well as the HTCs
and frictional pressure drop of HFCs, HCs and HFOs. Different predictive methods
are selected for NH3 and other working fluids. Future work is recommended. The
condensing flow is a function of fluid proprtties such as two-phase density ratio
and surface tension. To predict the flow characteristics of various fluids in PHEs
with unified suites, a void fraction model needs to be developed, and the liquid
film characteristics need to be described. The condensation of zeotropic mixtures
involves both heat and mass transfer. The prediction of HTCs involves the quan-
tification of mass transfer resistance.
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7.1. CONCLUSION

7.1.1. FLOW PATTERNS

Four main flow patterns occur in air/water flows within PHEs: bubbly flow, slug
flow, churn flow and film flow. An integrated map describes the transition of flow
patterns, whose coordinates are ReL and JG/Λ0.5. The flow is film flow when gas
phase is dominant, while bubbly flow happens when liquid dominates. When
both phases have large mass fluxes, the flow becomes slug or churn. Churn is
more chaotic than slug and takes place at larger mass fluxes. Film flow is sepa-
rated flow and covers a large range of vapor qualities above 0.5.

During the visualization experiments of NH3 condensation, only film flow
has been observed including full film flow and partial film flow. The wall is com-
pletely wetted for full film flow, while parts of the wall are dry for partial film flow.
The tested ranges are the common operating conditions of NH3 condensation.
The transition mainly depends on the wetting characteristics and is predicted by
the criterion of W eL,T = 0.12. Full film flow takes place at large liquid mass fluxes,
while partial film flow happens at small liquid mass fluxes.

7.1.2. HEAT TRANSFER

An experimental database for condensation in PHEs has been built including
HFCs, HCs and HFOs. This database covers a wide range of chevron angles, hy-
draulic diameters, mass fluxes, saturated temperatures and reduced pressures.
The database is composed of heat transfer data and frictional pressure drop data.
Heat transfer correlations are summarized and compared with the database. The
correlations of Longo et al. [60] and Kuo et al. [61] accurately predict this database.
However, these correlations are not applicable for NH3 because of the distinct
fluid properties such as two-phase density ratio, latent heat and thermal con-
ductivity.

According to the experimental results of NH3 condensation in PHEs, HTCs
increase significantly with vapor qualities, change moderately with mass fluxes,
and decrease slightly with higher saturated pressures. Heat transfer is enhanced
during partial film flow because of the wetting characteristics. When parts of the
wall are dry, vapor condenses directly on the wall surface. The HTCs correspond
to the characteristics of separated flow.

A heat transfer model is developed for NH3 in Eqs. 6.7-6.10, which iden-
tifies condensation mechanisms. Convective condensation corresponds to full
film flow, and a two-phase multiplier correlation has been developed. The two-
phase multiplier correlation is applicable for separated flow. The multiplier is
a function of vapor qualities and two-phase densities. Combined condensation
happens for partial film flow, and includes convective condensation and gravity-
controlled condensation. The gravity-controlled condensation is predicted with
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a modified Nusselt’s correlation. The modification accounts for the shear force at
the two-phase interface and convection of the condensate film. The same tran-
sition criterion of flow patterns applies to condensation mechanisms, namely,
W eL,T = 0.12. Convective condensation prevails for larger W eL, where all the heat
is transferred through the condensate film. For smaller W eL, gravity-controlled
condensation takes place at dry zones. This model is applicable for NH3 and
other refrigerants of large two-phase density ratio, covering the vapor qualities
of 0-0.8, the mass fluxes of 20-80 kgm−2s−1 and low reduced pressures. The in-
fluence of PHE geometries is also involved.

7.1.3. FRICTIONAL PRESSURE DROP

In Eq. 3.61, a new correlation of frictional pressure drop is derived from the ex-
perimental database of condensation in PHEs. This correlation is developed for
HFCs, HCs and HFOs, and applies for various chevron angles, hydraulic diam-
eters, mass fluxes, saturated temperatures and reduced pressures. This corre-
lation has the form of two-phase Fanning friction factors and assumes homo-
geneous flow. The assumption is reasonable for fluids of small two-phase den-
sity ratio, but is not suitable for NH3. In general, correlations of two-phase Fan-
ning friction factor over-predict the experimental data of seperated flow, while
Lockhart-Martinelli models under-predict the experimental data of homogeneous
flow [18, 59].

The experimental frictional pressure drop of NH3 increases sharply with va-
por qualities and mass fluxes, and decreases slightly with higher saturated pres-
sures. Frictional pressure drop is not sensitive to the transition from full film flow
to partial film flow since both flow patterns are separated flow.

As shown in Eqs. 6.19-6.20, a modified Lockhart-Martinelli model is pro-
posed for NH3 condensation in PHEs. The overall pressure drop is mainly con-
tributed by the vapor phase and the interaction at the two-phase interface. The
vapor pressure drop contribution is predicted to be less than that when the vapor
flows alone. Since PHEs have corrugated channels, the interface pressure drop
is estimated to be relatively small compared with the vapor pressure drop. This
model is limited to two-phase NH3 flow because of the large two-phase density
ratio and surface tension, which are distinct from those of other fluids. It is ap-
plicable for the vapor qualities of 0-1, the mass fluxes of 20-80 kgm−2s−1 and low
reduced pressures. This model is expected to apply for most commercial chevron
PHEs with limited range of geometrical parameters.

7.2. RECOMMENDATIONS
PHEs are replacing conventional tube-in-tube and shell-and-tube heat exchang-
ers in multiple applications [181–185]. In laboratories, PHEs are widely used
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since the compact structure fits the confined installation spaces and simplifies
the supporting structures. It is easy to enlarge the heat transfer area when the
design has large uncertainties. The accurate design of PHEs is essential in indus-
tries to fully exploit the advantage such as heat transfer superiority and reduc-
tion of working fluid charges. Knowledge of the thermal-hydraulic mechanisms
instructs the researches in how to enhance heat transfer for PHEs [186]. Apart
from the investigation in this thesis, several research challenges need to be ad-
dressed.

1. The condensation mechanisms rely on flow patterns. Based on the visu-
alization results, the physical interpretation of the transition criterion for
NH3 condensation is discussed in this thesis. The transition criteria of
HFCs, HCs and HFOs are expected to be different because of the smaller
two-phase density ratios and surface tension, whose flow patterns have
not been reported in literature. The transition criterion is a function of va-
por qualities. During the condensation of NH3 in PHEs, lower vapor qual-
ities promote convective condensation since all the wall surface is wetted
and the heat is transferred through a liquid film. This feature is differ-
ent from that in tubes. The wetting characteristics of corrugated surfaces
need to be quantitatively analysed including the influence of contact an-
gles [152, 153, 173].

2. The comprehensive description of two-phase condensation processes in-
cludes the prediction of heat transfer, frictional pressure drop and void
fraction. Depending on flow patterns, the entrained liquid fraction, turbu-
lence model and local liquid film thickness also play roles [187]. Void frac-
tion forms the foundation of the mechanistic models for two-phase heat
transfer. The distinction between homogeneous flow and separated flow
determines the basic forms of heat transfer and frictional pressure drop
correlations. Moreover, the liquid film thickness is quantified making use
of the void fraction. Void fraction is a function of channel geometries and
fluid properties. Void fraction models are indispensable to develop univer-
sal predictive methods for various fluids. Additionally, turbulence models
are needed to describe the interfacial characteristics, to quantify the heat
transfer enhancement and to determine the interface pressure drop.

3. The condensation of zeotropic mixtures exhibits large temperature glide
during the phase change. In PHEs, the heat and mass transfer characteris-
tics depend on the flow patterns [188]. High concentration NH3/H2O is a
suitable working fluid for Kalina cycles used for the recovery of low grade
heat. The modelling approaches of zeotropic condensation are classified
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into conservation equation models, non-equilibrium models, equilibrium
models and empirical models. Non-equilibrium and equilibrium models
are promising considering their applicability and computational complex-
ity [25]. The fundamental assumption of non-equilibrium models is the
thermodynamic equilibrium of vapor/liquid at the interface. The heat and
mass transfer resistances of the vapor are assumed to be restricted to a thin
film [189]. Equilibrium models simplify the computation under the as-
sumption that equilibrium applies to overall vapor/liquid bulk. The mass
transfer is considered by adding a heat transfer resistance to the phase
change of vapor, but the mass transfer resistance is not calculated directly.
According to the experimental results of NH3/H2O, the vapor mass transfer
resistance plays an important role in the heat transfer performance [188].
The modelling of the mass transfer resistance is coupled with the transi-
tion from full film flow to partial film flow.

4. This work is limited to partial condensation excluding superheating and
subcooling. During the condensation from superheated vapor to subcooled
liquid, thermal non-equilibrium is non-negligible between the two-phase
region and single-phase region [121]. To design PHEs applied in energy
conversion plants, distributed numerical models are useful tools on con-
dition that validated heat transfer and frictional pressure drop correlations
are selected. Numerical models can be integrated into the design of plants
to locate the pinch point temperature difference and to improve the heat
transfer performance [190, 191].
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