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Experimental investigations of heat transfer and pressure drop
during the condensation process within plate heat exchangers
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Abstract

The application of compact heat exchangers to the realization of the processes with phase change gaseous-liquid is increasingly
However, the state of the knowledge is unsatisfactory for modelling the heat transfer and the pressure drop. Experimental investi
condensation in channels of corrugated plates of a plate heat exchanger were carried out with the condensing vapours water and
The loads of the vapour phase as well as the kind of the plate corrugation were used as experimental parameters. The results
transfer coefficient and friction pressure drop refer to the condition of a complete condensation. An essential influence of the pha
well as of the corrugation inclination angle is observed in the investigated range of the shear controlled two-phase flow. The intens
transfer increases with a factor of approx. 3–4, compared to the calculation of the Nusselt theory of the laminar film. A discussi
experimental data was realized on base of modelling of the turbulent two phase channel flow.
 2003 Elsevier SAS. All rights reserved.

Zusammenfassung

Die Anwendung von kompakten Wärmeübertragern zur Realisierung von Prozessen mit Phasenänderung gasförmig-flüss
zunehmend an Bedeutung. Allerdings ist der Wissensstand zur Modellierung der Wärmeübergangsintensität und des Druckve
befriedigend. Es wurden experimentelle Untersuchungen zur Kondensation in geprägten Kanälen eines Platten-Wärmeübertrag
kondensierenden Dämpfen Wasser und n-Heptan durchgeführt. Die Dampfbelastung sowie die Art der Plattenprägung wurden
imentelle Parameter verwendet. Die erhaltenen Ergebnisse zum mittleren Wärmeübergangskoeffizient und Reibungsdruckverlu
sich auf die Bedingung einer vollständigen Kondensation. Im untersuchten Bereich einer scherkraft-kontrollierten Zweiphasenström
der wesentliche Einfluß der Phasenbelastung sowie des Plattenprägewinkels deutlich. Die Intensität des Wärmeüberganges erh
das 3–4 fache im Vergleich zur Modellrechnung einer laminaren Filmtheorie nach Nusselt. Ein Modellvorschlag auf der Basis ein
lenten Zweiphasenströmung wurde zur Korrelation der experimentellen Daten verwendet.
 2003 Elsevier SAS. All rights reserved.

Keywords: Plate heat exchanger; Condensation; Heat transfer; Pressure drop; Experiment; Turbulent flow; Corrugation inclination angle

Schlüsselwörter: Plattenwärmeübertrager; Kondensation; Wärmeübergang; Druckverlust; Experiment; turbulente Strömung; Prägewinkel
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1. Introduction

In the use of heat exchangers there is an increasing
dency to apply compact apparatuses with heat transfer c
acteristics, such as the realization of high heat transfer c

✩ On the basis of a presented paper by R. Würfel at the GVC-meetin
heat and mass transfer, March 2001 in Bamberg, Germany.
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1290-0729/$ – see front matter 2003 Elsevier SAS. All rights reserved.
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ficients and the countercurrent flow between the fluids. F
ther, large heat transfer surfaces can be placed in limited
paratus volumes. However, the necessarily raised cons
tion of energy for the compensation of the occurring frict
pressure drop is often disadvantageous. The plate hea
changer (PHE) meets the requirements of such a com
apparatus. It can be successfully applied in liquid phase
combination with a lot of technical heat transfer proces
In connection with the realization of many technical h
transfer processes a successful application of the PHE is



60 R. Würfel, N. Ostrowski / International Journal of Thermal Sciences 43 (2004) 59–68
Nomenclature

b width of the plate . . . . . . . . . . . . . . . . . . . . . . . . . m
d diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
FA enhancement factor of the area
g acceleration due to gravity . . . . . . . . . . . . . m·s−2

�LVh specific latent heat of condensation . . . . J·kg−1

L length of the plate . . . . . . . . . . . . . . . . . . . . . . . . m
�̇m mass flux . . . . . . . . . . . . . . . . . . . . . . . kg·m−2·s−1

Nu Nusselt number,= α·dh
λ

Pr Prandtl number
�p pressure drop . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa

ReV Reynolds number of the vapour,= �̇mV ·dh
ηV

ReL Reynolds number of the condensate (or liquid),

= �̇mL ·dh
ηL

s gap of the plate. . . . . . . . . . . . . . . . . . . . . . . . . . . m
T , t temperature . . . . . . . . . . . . . . . . . . . . . . . . . . K,◦C
XLM Lockart–Martinelli-parameter
x vapour quality in Eqs. (8) and (13);

length in mean stream direction . . . . . . . . . . . . m

Greek symbols

α heat transfer coefficient . . . . . . . . . W·m−2·K−1

α∗ normalized heat transfer coefficient,
= αL(γ )/αL(45◦)

δ thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Φ two phase flow multiplier
γ corrugation inclination angle . . . . . . . . . . degree

η dynamic viscosity . . . . . . . . . . . . . . . . kg·m−1s−1

λ heat conductivity . . . . . . . . . . . . . . . W·m−1·K−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

ξ friction coefficient of single phase

Indices

acc acceleration
c cooling water
cal calculated
cr critical
co condensation
eq equivalent
exp experimental
F friction
grav gravitation
hp n-heptan
h hydraulic
in input
L liquid
m average value
Nus Nusselt film model
out output
p plate
t total
V vapour
W wall
wa water
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sible in liquid phases. Compared to the heat transport in
sity in smooth channels, a 3- to 4-fold heat transfer coe
cient can be achieved, due to local changes of flow direc
as well as of the flow velocity and consequently the rene
of the boundary layer in narrow channels with corruga
plates.

The utilization of PHE increasingly occurs in the field
transport processes during gas–liquid phase changes [
is also used in condensation applications in process an
frigeration industries.The efficiency depends on applying
advantages of liquid systems to the conditions of the spe
two-phase flow. In principle it is known how to intensify he
transfer—as for instance during the film condensation—
means of passive methods without supplying additional
ergy [2]. Accordingly, the following methods are known, f
the conditions with essential transfer resistances in the
densate film.

• the increase of the interfacial shear stress,
• the roughness of the heat transfer area,
• ribbed or corrugated surfaces (Gregory-effect),
• inserts of static mixers in the flow channel.
t
-

These passive effects of the augmentation of the tran
intensity can occur, when the condensation process is
ized in PHE with corrugated plates. Regardless of it, o
some studies have been published on experimental dat
on modelling heat transfer as well as the friction press
drop in a condensation process in PHE. Table 1 show
qualitative comparison of the contents of various previ
publications. Most of the experimental studies are refere
the working systems water and refrigerants. The geomet
quantities of the used experimental channels are indic
only partially. However, they allow the assumption, that
investigated corrugated plates were employed with ind
trial dimensions. The kind of the chosen plates mostly c
responds to the herringbone-type with the measuring ra
of the corrugation inclination angleγ = 30◦−60◦ and of the
middle gap between the platess = 2.5–7.4 mm. The authors
mainly described experimental results of input–output-
vestigations. The chosen fluid loads were characterize
the Reynolds number of the liquid phase in the total ra
80< ReL < 2000. Obviously, the criterion for the transitio
of the laminar into the turbulent flow(ReL,cr) depends on the
chosen plate geometry [1]. Generally, the chosen mode
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correlations describing the heat transfer during the con
sation in the vertical corrugated plate channel correspon
the model propositions as applied in vertical smooth tube
channels. In dependence on the mass flux of the phase
characteristic flow fields can be defined.

• The gravity controlled flow regime is characterized b
small influence of the vapour phase on the hydrodyn
ics of the liquid flow at low mass fluxes. The liquid flo
is separated from the vapour flow [1]. The Nusselt la
inar film theory is the basis for the calculation of he
transfer in the condensate.

• In contrast, there are significant interactions betw
gaseous and liquid phases in case of the shear contr
flow regime at high mass fluxes. Often the modelling
heat transfer is realized by characteristic paramete
the two-phase flow in the channel.

The experimental results from various works (see Tabl
were correlated mainly with these modelling propos
A further article [16] presents a study on heat transfe
condensation of pure and mixtures of hydrocarbons
compact welded PHE. For low Reynolds numbers(ReL <

100), the condensation occurs almost filmwise and
o

higher values ofReL the modeling of a two-phase chann
flow is used. The transition between the two regimes
betweenReL = 100 and 1000 and depends on the opera
conditions. The modelling of the condensation of mu
component mixtures in PHE is also described by [17] w
the help of semi-empirical equations.

Fig. 1 shows a comparison of the calculations by differ
authors about the mean heat transfer characteristic
the condensation of organic vapours. Hereby, consider
deviations are evident. Obviously the validity of the
correlations is limited to the test conditions. Therefore o
experimental investigations were carried out in the field
heat transfer and pressure drop of the condensation pro
in a vertical corrugated plate channel, both for aqueous
organic working systems.

2. Experimental apparatus and operating conditions

The aim of these works was to discuss the influenc
different physical properties, of fluid loads and of the c
rugation inclination angle of the plates on the intensity
heat transport and pressure changes. Fig. 2 shows a si
fied scheme of the experimental plant used. The conden
medium flows in the closed circuit and in the range of
Table 1
Experimental investigations of condensation processes in plate channels by various authors

Author Working system Heat transfer area of Corrugation inclination Flow characteristic Channel gap Kinds of
the plate [m2] angleγ [grd] s [mm] modelling

Kumar [3] NH3 R22 brazed plates flow of
condensate film

Wang [4] H2O 0.045 type BR-05; ReL,cr ≈ 200 ≈ 2.5 flow of
herringbone condensate film

pattern of 45◦

Panchal [5] NH3 1.8× 0.82 30◦; 60◦ gravity- ≈ 4 flow of
controlled condensate film

Nakaoka [6] R22 2.15× 0.24 ≈ 30◦ flooding of ≈ 5 channel flow
condensate film with influence

of free
convection

Di-an [7] H2O 0.27× 0.08 0◦; 45◦ ReL,cr = 350 5 flow of
condensate film

Müller air -H2O 0.32× 0.1 alfa-laval 2.4 two-phase-
Steinhagen [8,9] (P01; P20) 60◦; 90◦ channel flow

Yan [10] R 134a 0.45× 0.12 60◦ ReL = 500−1000 3.3 two-phase-
channel flow

Tovazhnyanski [11] H2O 1.1× 0.3 30◦; 60◦ ReL > 300 5 two-phase-
channel flow

Chopard [12] R 22 1.28× 0.15 smooth or corrugated Forced ≈ 3.8−4.5 two-phase-
and studded plates convection channel flow

Wang, Sunden [13] H2O 0.75× 0.25 30◦ ReL = 800−1800 ≈ 5 two-phase-
channel flow

Wang, H2O 0.032−0.5 30◦; 45◦; 60◦ ReL = 300−2000 4.8−7.4 modified
Christensen [14] Boyko/Kruzhilin-

equation

Cheng [15] H2O 1× 0.8 type BRS08; ReL = 80−180 5.8 flow of
(made in P.R. China) condensate film
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normal pressure. The experimental plant was heated b
perheated steam. Both evaporator (1) and condensation
ing unit (2) were carried out as a plate apparatus of ind
trial construction and dimension. The control of the m
flow rate for the heating steam allowed to adjust the
let state of the condensable vapour into unit (2) as a s
superheated steam. The experimental plant was sufficie
heat-insulated and the circulation of the condensing med
was realized by a proportioning piston pump (5). The c
densating testing unit was built as a 3-channel system
two cooling channels. In this way, the real conditions
heat transport in the plate package of an industrial P
were realized approximately. Coolant (water) and cond
ing vapour existed in the countercurrent flow. The input- a
output-data of pressure, temperature and the mass flow
-
t-

e

ot the plate channels were measured during the comple
vestigations. Thus an integral evaluation became poss
Due to the choice of a 3-channel system, the recordin
the local measuring information is complicated. Howev
the heat-insulated testing unit allowed information rega
ing the local temperatures of the coolant by measuring
corresponding wall temperaturesTW of the external channe
plates. Dimensions of the employed corrugated plates
the 15 measuring points for determiningTW are represente
in Fig. 3. The heat transfer area is given by the dimensio
the base plateL× b = 0.56 m × 0.19 m.

The chosen type of the corrugated plate correspo
to the herringbone corrugation pattern. The definition
the inclination angleγ (see Fig. 3) related to the ax
of the main direction of flow. Within the plate packag
nts of the

xchanger
(a) (b)

Fig. 1. Comparison of own experimental and—according to various correlations—calculated average dimensionless heat transfer coefficie
condensation,NuCO dependent onReL in PHE, (a)n-heptane; plate combination h/h; (b) water; plate combination l/l.

Fig. 2. Simplified scheme of the experimental plant; 1—evaporator (PHE); 2—condensation testing unit (PHE); 3—cooler (Shell and tube heat e);
4—storage tank; 5—proportionating pump.
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the neighboring plates were turned by 180◦. Thereby the
plates were in contact with themselves in the area of
wave crest. The complete experimental investigations o
condensation process were carried out in a plate cha
under the following operating conditions (see Table 2).

The following geometrical parameters (see Table
correspond to the different corrugated plates.

It is to be expected that an increase in the inclination
gleγ in the corrugated plate channel effects an enlargem
of the drag. Therefore in accordance the definitions by o
authors the plates withγ = 30◦ are denoted as “low (l)” and
the plates withγ = 60◦ as “high” (h). The knowledge o
the heat flow distribution along the main direction of flowx
is a precondition to determine the experimental heat tr
fer coefficients which represent the zone of the conde
tion process. For example, Fig. 4 shows the behaviour o
cal cooling water temperaturesTC at the measuring point
in accordance with Fig. 3. Depending on the location of
thermocouple along the plate widthb, a non-negligible de

Fig. 3. Simplified pattern of the experimental corrugated plate and me
ing points of wall temperatures;γ = corrugation inclination angle.
l

viation becomes visible. These local differences can be
nected with the hydrodynamically different conditions (
example, the phase distribution) normal to the main dir
tion of flow. A further evaluation is not possible, because
ditional local measuring information is not available. The
fore, an axially local average temperatureTC,x was deter-
mined. Knowing the complete integral measuring data
the condensing medium as well as its saturated temper
T LV , a comparison of the heat balances succeeds at a
imum error of approx.±3%. Thus the necessary area
transferring the heat of condensation and superheating
be determined for all test conditions. Fig. 4 shows an ex
ple of the qualitative temperature characteristic of the c
densing medium as well as of the cooling water to the c
plete phase change. Generally, the conditions of a com
condensation was realized during all the experiments.

The information about the temperature characteri
of the streaming phases and of the heat flow along
length of the plate channel allows the determination
the experimental overall heat transfer coefficientskCO. In
general, difficulties exist to measure the wall tempera
TW in the compact channel system. Therefore, informa
on the heat transfer coefficient of the condensing ph
becomes possible provided that the transport behaviou
the coolant is known.

For this reason, the heat transfer behaviour betw
two liquid fluids without condensation was examined w
the available measuring unit and analogous geomet
conditions of the plates. The fluidsn-heptane and water wer

Fig. 4. The experimental temperature characteristics of the cooling w
(various measuring points across the width of the plate, see Fig
and condensingn-heptane depending on the channel length;tc,out =
temperature of the cooling water at the end of the condensation.
Table 2
Experimental parameter range of condensation in the 3-channel plate system

Condensing medium Water n-heptane

ReL,out 110–900 350–1650
ReV,in 2500–19000 9500–4500

γ of the neighbouring plates 30◦/30◦ 30◦/60◦ 60◦/60◦ 30◦/30◦ 30◦/60◦ 60◦/60◦
kind of plate installation l/l l/h h/h l/l l/h h/h
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Fig. 5. The normalized heat transfer coefficientα∗ (a) and the friction
coefficientξ (b) for a liquid flow in PHE versusγ according to a diagram
by [18]; (ReL ≈ 2000) • our own measured data; —◦—◦— range of
experimental data in [18].

Table 3
Geometrical parameters of the used corrugated plates

Inclination angleγ 30◦/(l) 60◦/(h)

dh in mm 6.3 3.4
with plate installation (l/l) (h/h)
Enhancement factor of the heat transfer areaFA ∼1,141 ∼1,093

also used as working systems. It can be assumed, tha
same model correlation is valid for both fluids to describe
mean convective heat transfer in the liquid phase. There
a modelling is possible on the basis of integral measu
information (see Eqs. (1)–(3)).

1

kL
= 1

αL,wa
+ δp

λp
+ 1

αL,hp
(1)

αL,wa = NuL,wa · λL,wa

dh
; αL,hp = NuL,hp · λL,hp

dh
(2)

NuL = C1 · ReC2
L · Pr0.33

L (3)

with C1,C2 = f (geometry of the plates).

The experimental investigations to single-phase heat tran
and pressure drop were carried out in the field of turbu
flow (≈ ReL > 350 in PHE). A comparison of our ow
measuring data ofαL and the friction pressure drop�pF,L
e

r

with a modelling proposal after [18] was made by t
help of dimensionless quantitiesα∗ andξ . The normalized
heat transfer coefficientα∗ and the friction factorξ (see
also Eq. (10)) are shown in dependence on the inclina
angle. (See Fig. 5.) The boundary lines mark the field
various experimental results of other authors for differ
liquids [18]. The investigated experimental data can
classified in this field. Therefore the description of t
heat transfer coefficient in coolant was performed on
basis of Eqs. (1)–(3), connected with the evaluation of
experiments for heat transfer in condensation.

3. Experimental results

Consequently the determination of the mean heat tran
coefficientsαco for the field of a total condensation follow
with Eq. (4)

1

αco
= 1

kco
− 1

αc
− δp

λP
(4)

Generally the experimental condition (TV,in − T LV ) < 30 K
was valid, and therefore the assumption can be taken,
the beginning of the condensation process is at the ent
the plate channel. Consequently, the values ofkco include
additionally the sensible heat flow for superheated vap
The accuracy ofαco is influenced by the quality of th
experimentalkco andαc.

It is known, the choice of the experimental channel s
tem connects with its realization and the expenditure of
tematical experimental investigations. Further, a transm
bility of experimental results to the conditions of the indu
trial PHE should be possible with sufficient accuracy. T
advantage of a two-channel-system consists in a bette
alization of the local measuring informations. However,
essential disadvantage is that there occur heat-engine
and therefore hydrodynamic deviations from the real sys
because of the “one-direction”-heat transfer of the cond
sation channel. Fig. 6 shows values measuring of the
transfer behaviour in the condensing phase, comparabl
the conditions of the “one- and two-direction” heat trans
The description of the dimensionless heat transfer coeffic
Nuco explains deviations depending on the fluid load(ReL).
In the field of the turbulent flow(ReL � 300) differences are
rather smaller than in the laminar flow. Obviously, the
fect of the formed condensate films superposes itself als
the field of laminary flow, for the present condition of ve
narrow plate channels and the “two-direction”-heat trans

All subsequently discussed experimental results refer
clusively to a measuring unit with a “two-direction”-he
transfer. This arrangement corresponds more directly to the
heat transfer conditions of the technical PHE. Figs. 7
(b) show the mean heat transfer coefficientsαco depending
on the Reynolds-number of the condensateReL for differ-
ent geometries and combinations of the plates. An impor
uniform influence of theReL can be seen in the whole ran
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Fig. 6. ExperimentalNuco versus ReL under different heat transfe
conditions; condensing fluid: water; plate combination: h/h.

(a)

(b)

Fig. 7. Experimental average heat transfer coefficientsαco in various plate
combinations dependent onReL ; (a)n-heptane; (b) water.

of the phase loadings, both for the organic systemn-heptane
and for water. The characteristic of the graph is typical of
situation of a channel flow in the case of the forced conv
tion and corresponds especially to the field of the turbu
film flow. The influence of the corrugation inclination ang
γ is also significant. Accordingly a considerably higher h
transfer intensity can be achieved with the plate comb
Fig. 8. Reduced experimental heat transfer coefficientFα = αco/αco,Nus
in various plate combinations dependent onReL ; condensing fluids:
n-heptane, water.

tion h/h than with the plate combination l/l. The increase o
the transfer coefficients with a factor of approx. 3–4 for b
investigated fluid systems corresponds to an effect whic
also known for the heat transfer of the liquid phase flow
PHE. Consequently it can be assumed that the heat t
fer behaviour during the condensation of pure media in
channel of corrugated plates is determined particularly
the characteristic liquid flow. The specific transfer behavi
of the plate combination h/l is remarkable. Figs. 7(a), (b
show an approximation of the correspondingαco-values to
the level of the channel geometry h/h. A further discussion
of the experimental data of heat transfer allows the com
ison in Fig. 8. The relationFα = αco/αco,Nus characterizes
the deviation of the real heat transport behaviour in the p
channel from a model calculation of the Nusselt film the
for condensation at vertical smooth walls (Eq. (5)).

αco,Nus= 0.943

(
ρL · (ρL − ρV) · g ·�LVh · λ3

L

ηL · (T LV − TW) ·L
)0.25

(5)

The significant influence ofReL as well as the chose
plate combination can be seen analogously to Fig. 7.
range of value of the relationFα results in 1� Fα �
7 for the complete parameter range, with a maxim
relative error of the experimental data of approx.±8%.
Accordingly the intensity of the heat transfer increa
significantly in the corrugated plate channel, compared w
the modelling assumption of a laminar film condensat
Consequently, the experimental conditionFα → 1 results
from the limiting valueReL,out → 0. Therewith, qualitative
indications for the modelling strategy can be derived
of Fig. 8. Obviously,the heat transfer may be described
film model of condensate in the field of smaller mass flux
the condensing medium(ReL < 250). Higher liquid loadings
in the two-phase flow of the narrow plate channel requ
another modelling strategy.

In the case of a high pressure drop, the industrial us
the PHE as a compact condenser with intensive heat tra
behaviour is not advisable. For the described experime
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conditions, the total pressure change�pt was measured
along the channel length. The friction pressure drop�pF can
be determined according to Eq. (6).

�pt =�pgrav+�pacc+�pF (6)

Here the hydrostatic pressure drop�pgrav and acceleration
pressure drop�pacc were calculated approximatively un
der mean condensation conditions considering of the su
cooling zone (see Fig. 4). Due to the realization of a co
plete condensation, information about the behaviour of
local vapour void fractionεV are not necessary. The cond
tion (|�pgrav| + |�pacc|)/|�pt| � 0.15 could be maintaine
in the total experimental range. The friction pressure d
|�pCO,F | of the condensation is shown in Figs. 9(a), (b),
pendent onReL and the geometry of the plate channel.
this case,|�pCO,F| contains the total pressure change of
vapour in the entry zone of the plate channel. The inve
gations for both fluid systems show analogous tenden
Qualitatively, an interrelation between heat transport and
behaviour of the friction pressure drop can be seen. The
nificant influence of the fluid loading(ReL) is visible as well
as that of the corrugation angleγ . The arrangement of th
|�pCO,F|-curve of the plate combination h/l is noteworthy
again. In contrast to the behaviour of the heat transfer

(a)

(b)

Fig. 9. Experimental friction pressure drop of the condensing fi
�pco,F/L in various plate combinations dependent onReL (a) n-heptane,
(b) water.
-

.

Fig. 7) the pressure drop approaches to the level of the p
combination l/l.

Generally, important higher friction pressure drops
found in the plate combination h/h. An application of this
kind of the plate corrugation of the condensation proce
appears problematic in the field of normal pressure and
uum, independent of the intensive heat transfer. In cont
the channel geometry h/l proves to be an optimal variant o
the thermal and hydrodynamic point of view. In princip
the pressure range, determining for the experimental�pt

was defined by measuring points of the inlet- and out
pipes near the plate channel. Thus, an important part o
pressure drop results in the section of the entry vapour fl
which is characterized by an essential change of the cha
cross-section area. It is useful to compare our own exp
mental results with published models of other authors. H
ever, the correlations of the two-phase flow in PHE, rep
sented in some actual studies, refer to specific fluid syst
and plate geometries (see Table 1). Furthermore, the geo
ric data of the plate channels and fields of the phase load
are specified only partially or incompletely. With that, t
determination of ranges of validity is problematic.

Fig. 1 shows a comparison of some model equat
which calculate the mean heat transfer during the con
sation. Generally, considerable deviations between ex
mental data and model calculations are to be found. H
ever, a satisfactory agreement can be achieved with
correlation after Wang and Zhao [4] for the system wa
(see Fig. 1(b)) Hereby our own experimental conditions c
respond to those of the model description. For condensa
of n-heptane, the deviations are considerably higher, re
ring to a correlation after Yan and Lio [10], which was d
termined for the refrigerant R 134a (see Fig. 1(a)).

A comparison to the friction pressure drop�pCO,F, spec-
ified in Fig. 10, also shows great deviations between mo
calculations and own experimental data. The differently
fined pressure range of�pt can be an essential reason. T

Fig. 10. Comparison of experimental and—according to various cor
tions—calculated friction pressure drop�pCO,F of the condensation in
PHE; condensing fluid:n-heptane; plate combination: h/h.
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becomes particularly problematic in the processes with n
adiabatic two-phase flow, as in the present case.

4. Model description

Due to the restricted usefulness of modelling in act
literature, our own correlations how to describe the exp
imental data about heat transfer and friction pressure d
will be discussed. The investigated range of phase load
(see Table 2) allows the assumption that a turbulent flow
the gas–liquid-system exists in the profiled plate chan
A shear-controlled regime is decisive for the momentum
heat transport processes [1]. Obviously, the turbulent fl
in the narrow rectangular channel is not characterized
separation from liquid and vapourous phase (non sepa
two-phase flow). The hydraulic Reynolds numberReh,which
is proposed by other authors [4,10], is used for characte
ing of the special two-phase system (Eq. (7)).

Reh = Geq · dh

ηL
(7)

Geq, as modified equivalent mass flux, is defined in acc
dance with Eq. (8).

Geq= �̇m
[
(1− x)+ x

(
ρL

ρV

)k]
(8)

Therefore the description of the average dimension
heat transfer coefficients of condensation can be prop
by Eq. (9).

Nuco = C · Remh · Pr0.33
L = αco · dh

λL
, wherex = xm = 0.5

(9)

Consequently, the significant influence of the convec
heat transport in the liquid flow is explained. The consta
C,m andk depend on the geometry of the currugated pla
They were determined on the basis of the correlation w
the inclusion of all measuring data for the systems wa
andn-heptane (see Table 4).

Figs. 1 and 11 show the comparison of the measured
according to Eq. (9) calculated data ofNuco. A model de-
scription with a maximum relative error of 30% is achiev
for approx. 90% of all experimental data.

A simple correlation on the basis of the modelling type
Lockart–Martinelli (LM) was chosen for the description
our own experimental data about the friction pressure dro
condensation�pKo,F. The application of this modelling wa
often used to estimate the friction pressure drop of var
adiabatic two phase flow gas–liquid in channels [4,9,13,

In principle, the calculation was realized on the basis
a single-phase flow. For instance, the liquid phase fric
pressure drop of the single plate channel can be calcu
as follows (see Eq. (10)).

�pL,F = ( �̇m2
L ·L · ξ/(2 · ρL · dh)

)
(10)
Information according to Fig. 5(b) can be included into
discussion ofξ , because the modelling equation after [18
useful for the experimental channel geometries in suffic
accuracy. The connection between local�pCO,F and�pL,F
is defined corresponding to Lockart–Martinelli by a tw
phase multiplierΦ (see Eq. (11)).

�pCO,F =Φ2 ·�pL,F (11)

Φ is formulated as a function of the LM-parameterXLM .

Φ2 = F ·X−2
LM (12)

The single phase—friction coefficientξ can be calculated
according to the Blasius approach for turbulent flow con
tions of both phases. Also, Eq. (13) is valid for turbulen
turbulent flow.

XLM =
(

1− x
x

)0.9

·
(
ρV

ρL

)0.5

·
(
ηL

ηV

)0.1

(13)

The correlation of all experimental data on the integ
friction pressure drop during the total condensation (x =
xm = 0.5) produced a necessary dependence of the con
factor F on the plate geometry (see Table 5).

Fig. 12 shows a comparison of measured and accor
to Eq. (11) calculated�pCO,F of the investigated working
systems. A model description is achieved with a maxim
relative error of 30% for approx. 85% of the experimen
data.

Table 4
Constants according to Eq. (9), depending on the plate combination

Combination of the plates C m k

h/h 3.77 0.43 0.14
h/l 3.2 0.46 0.3
l/l 0.325 0.62 0.4

Table 5

Combination of plates h/h h/l l/l

F 0.5 0.1 0.1

Fig. 11. Comparison of measured and according to Eq. (9) calcu
dimensionless heat transfer coefficientNuco of the condensation proces
in corrugated plate channel.
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Fig. 12. Comparison of measured and according to Eq. (11) calcu
friction pressure drop�pF,co of the condensation process in corruga
plate channel.

In all, the use of experimental data with aqueous
organic condensing phases as well as various geom
conditions is a step to improved general validity.

But, additional experimental data for different syste
and various geometric conditions of the currugated pl
and local investigations of the condensing system are
essary for improving the correlations in Eqs. (9) and (11

5. Conclusion

Experimental investigations in the field of heat trans
and pressure drop were carried out in a vertical 3-cha
system with currugated plates for the conditions of a co
plete condensation. During the use of the working syst
of water andn-heptane as well as industrial plate dime
sions, the phase loadings and the geometry of the plate
rugation could be determined as essential influence par
ters. A plate combination with plates of different corrug
tion inclination angles (h/l) proves to be an optimal varian
in thermic-hydraulic visibility. The model correlations di
cussed in current literature are of a specific validity. The
fore, they are of limited utility for describing the present
experimental data. The existence of a shear controlled
regime can be assumed in case of turbulent condition
the non-adiabatic two-phase system in the narrow corrug
plate channel. Further proposals how to describe the
transfer and pressure drop of the condensation proce
PHE are presented.
-
-

t
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