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ESDU DATA ITEMS
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of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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FALLING FILM EVAPORATION IN VERTICAL TUBES

1 NOTATION AND UNITS
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heat transfer area of tube internal surface, tDL
constants in Equations (5.2) and (5.3) respectively
specific heat capacity

internal diameter of tube

acceleration due to gravity

constant of proportionality in Newton's second law of
motion

specific enthalpy of vaporisation (latent heat)
constants in Equations (C1.1) and (C1.2)

length of zone

mass flow rate per tube

exponentsin Equations (5.2) and (5.3) respectively

213
. . o T]f
modified film Nusselt number = =
ng C f1ps9
film Prandtl number = Tpf
f
rate of heat transfer
heat flux
4M
film Reynolds number = ar _ 2
ng  nDng

solubility, see Section 8

temperature

overall heat transfer coefficient referred to inside
diameter of tube

combined heat transfer coefficient for heating medium,

tube wall and any fouling, referred to inside diameter of

tube

vapour mass fraction = Mg/(Mg + My)
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Jkg K

m/s?
(9.81)

(1.0
Jkg

W/m?

ka/kg
Kor°C
W/m? K

W/m2 K

Btu/lb °F

ft

ft/h? o
(4.17x10°%)

Ib ft/Ibf h28
(4.17x10°)

Btu/lb

ft

Ib/h

Btu/h
Btu/h ft2

Ib/lb
°Ror °F
Btu/ft?h°F

Btu/ft?h °F
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heat transfer coefficient

liquid loading or liquid flow rate per wetted perimeter
= Mf InD

liquid film thickness

dynamic viscosity

effective mean temperature difference

dimensionless group defined in Equation (A1.4)

relative error in prediction of Nusselt number defined in
Equation (6.1)

thermal conductivity
fluid density
surface tension

interfacial shear stress

dimensionless interfacial shear stress defined in
Equation (A1.5)

concentration, see Section 8

Extra Subscripts

at boiling or saturation temperature
in evaporating zone
experimentally measured value
liquid film

gas or vapour phase

heating fluid

at liquid-vapour interface
ainlet

liquid

logarithmic mean value
minimum value

mixture

non-vaporising component

at onset of nucleate boiling
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W/m2 K

kg/sm

kg/sm
(Pas)

W/m K
kg/m®
N/m

N/m? (Pa)

kg/kg

Btu/ft?h °F
lb/h ft

ft
[b/h ft

°F

Btu/h ft °F
|b/ft3
|bf/ft

| bf/ft2

[b/lb
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pred predicted value

sub in sub-cooled zone

w refersto inside tube wall surface or any dirt film present, as appropriate
X at distance x along tube from onset of evaporation

Superscript

mean or average value

Notation for temperature distribution

Tube wall

d

‘_|\/$R—\

iff

Evaporating liquid film

Liquid-vapour interface

Direction of

§—|¢

Heating
medium

PR
<

o>

Tg

heat flow

Vapour or
vapour/gas mixture

Corresponding thermal resistances and heat transfer coefficients are as follows.
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A vapour/gas phase resistance is present when a two or more component mixture is being evaporated or
when aliquid is being evaporated in the presence of a non-condensing gas.

When the vapour phase is an almost pure component, T, = T, Tg = T, and the resistance diagram

becomes
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2. INTRODUCTION

The heat transfer mechanism for falling-film evaporation is one of conduction or convection through a
liquid film from a heated surface to the vapour-liquid interface where evaporation takes place. Designs are
such that no nucleation (nucleate boiling) occurs at the heated surface. Typically, liquor is fed to the tops
of tubes arranged as a bundle and flows down the walls as a film under gravity. Vapour-liquid separation
occurs usually at the bottom of the tubes, but some designs do have counter-current flow of liquid and
vapour. A typical arrangement of afalling film evaporator is shown in Sketch 2.1.

Liquor may flow within or outside tubes, but structural and maintenance considerations, together with
performance predictability and accepted practice, amost invariably dictate that evaporation occurs on the
tube-side with the heating medium on the shell-side.

With evaporation inside tubestheliquid flows down the tubes as an annul ar film. Resistance to heat transfer
in the case of evaporation of a single component liquid is concentrated entirely in the liquid film. Thereis
an additional mass transfer or diffusional resistance in the liquid phase, resulting in reduced heat transfer,
when evaporation from a liquid mixture takes place. One physical explanation is that preferential
evaporation of the more volatile or light component(s) concentratesthelessvolatile or heavy component(s)
at theinterface, increasing the equilibrium temperatureat theinterface. Thetemperaturedriving force across
the film, (T,,—T,), and hence the effective evaporation rate is reduced. When the vapour phase is an
almost pure component (such aswater in aconcentration process), the vapour phase masstransfer resistance
will be negligible. When the vapour phase is aso a mixture, a vapour phase diffusional resistance may be
present and the effective evaporation rate will be reduced further.

ESDU Copyright material. For current status contact ESDU.
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Liquor in

- Liquor distribution
device, see Section 7.1

L
S

Tubes set proud of tubesheet
to provide circular flow weirs,
see Section 7.1

Heating fluid in

Diagonal cut to assist

Heating fluid out concentrate drainage

Vapour out

Concentrated fluid out
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Sketch 2.1 Sectional arrangement of falling film evaporator with co-current flow

3. PURPOSE AND SCOPE

This Dataltem presentsthe available dataand provides correlations for predicting thelocal film coefficient
for flow inside plain vertical tubes of circular cross-section and hence the performance of falling film
evaporators under steady state conditions. Dataavailablefor ng liquid mixture effectsareinsufficient
for developing reliable design procedures . Consequently this aspect of falling film evaporation is not
considered further in this Data Item.

A method accommodating mass transfer effects in falling film evaporation, based on film theory, has been presented by Palen et al.13f
The paper references most relevant work undertaken since 1980. It should be consulted for guidance where diffusional resistancein the:
liquid film is deemed to be significant.
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4, LEADING CHARACTERISTICSOF FALLING FILM EVAPORATORS

4.1 Tube Dimensions

Length typically 6 mto 11 m (20 ft to 36 ft) but may be as short as 1.5 mto 3 m (5 ft to 10 ft), particularly
in deep vacuum applications. Diameters are typically 25 mm to 64 mm (1 in to 2%2in).

4.2 Thermal Characteristics

(1) Liquid retention times are short, implying liquid hold-up and overall inventory are low.

(i) Suppression of nucleate boiling implies low liquid film temperature differences, (T,,—T; ;) . Asa
rule the overall temperature difference (Th—Tg) will belessthan 15K (27°F) and frequently less
than 10K (18°F).

(ili)  Film heat transfer coefficients are high.

(iv) Pressure drop through the tubesis often negligible.

(V) Absence of nucleate boiling and low temperature differences reduce possible fouling tendencies.

(vi)  Theflow pattern isthat of aliquid annulus with a vapour core. Because atwo-phase mixtureis
absent in the vapour core there will be no hydrostatic head effect . Absence of an imposed
hydrostatic head allows afalling film evaporator to be used at absolute pressures approaching the
hydrostatic head of the film thickness.

The combination of short liquid retention times and the ability to operate at low overall temperature

differences makes falling film evaporation particularly suitable for concentrating most heat sensitive

liquids, whilst the absence of any significant hydrostatic head effect can make falling film evaporatorsa -
superior alternative to thermosyphon reboilers in vacuum service (also in terms of operational stability).

5. ANNULAR FILM COEFFICIENT

51 Flow Regimesin Vertical Tube-side Falling Films

ESDU Copyright material. For current status contact ESDU.

Flow within an annular film when evaporation is taking place at the free surface may be either laminar or
turbulent, depending upon the value of the liquid film Reynolds number, Re; = 4I'/n; . At the lowest
Reynolds numbers (Re; < 30) theflow will befully laminar. At higher values of Reynolds number the flow
becomes firstly rippled or wavy whilst remaining essentially laminar. At even higher Reynolds numbers
the flow becomes turbulent.

In laminar films, the heat transfer mechanism is one of conduction through the film so, as evaporation
proceeds and the film becomes thinner, the film coefficient may be expected to increase. However, this
effect may be partially or even wholly offset by theincreasein viscosity astheliquor becomes progressively
more concentrated. (In laminar flow the film thicknessis proportional to the cube root of the viscosity.)

With turbulent films the mechanism, outside the laminar sub-layer, is one of convection and the film

" The hydrostatic head effect may best be understood by reference to aliquid to be evaporated and introduced at the bottom of a vertical
tube. The boiling temperature will be higher at the bottom of the tube than towards the top on account of the static pressure associated
with the head of liquid or two-phase mixture above. The mean overall temperature difference, which isthedriving force for heat transfer,
will bereduced. This effect is particularly significant where overall temperature differences are small.
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coefficient will decrease as evaporation proceeds and the film becomes thinner.

If sufficient vapour is generated and the vapour velocity down the tubes is high enough, gravity flow will
be enhanced by vapour shear at the vapour-liquid interface.

The mechanisms of heat transfer through an annular film are similar, whether the process is one of
condensation of a vapour or evaporation of a liquid in the absence of nucleation at the heated surface.
Correlations for the prediction of local liquid film coefficients may therefore be expected to be of similar
form in both cases. This has been assumed in much of the literature. Here, available data specific to
evapor ation are presented.

Transitions between different flow regimes are not abrupt; they occur smoothly over ranges of the
controlling parameters and a finite length of the tube.

ESDU 9102412 may be consulted for further information on the hydromechanics of annular filmsin vertical
tubes.

52 Film Coefficients

If a sub-cooled liquid zone exists the average or mean coefficient in that zone may be estimated from the
expressions presented in Section 5.2.1. In the evaporative zone variationsin the liquid physical properties
as evaporation proceeds are such that local or point values of the film coefficient should be used (see
Section 5.2.2). The total heat exchanger areawill be

0 .
AQ
= N (5.1)
20: U(Ty, - Tg)
521 Average coefficient in sub-cooled zone (tube entry)
At tube entry the liquid may be sub-cooled. In these circumstances al the heat transferred from the tube
wall goes to raise the bulk temperature of the liquid to its saturation or equilibrium temperature. No heat
istransmitted across the free surface.
The appropriate expression depends on whether flow within the film islaminar, transitional or turbulent as

defined by the value of the film Reynolds number, 41" /n; . The expr ions are those of Wilke!, derived
from data over the range 5> Pr;< 210, and as presented by Gani®’ and Seban®.

‘*5 - (‘”} pro®4 (5.2)

ESDU Copyright material. For current status contact ESDU.

where & isthe film thickness given by

Ps 6(90) 5(g8)"° 4
= 5.3
- = ¢f I) (5.3)
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TABLE 5.1 Constantsfor Equations (5.2) and (5.3)

Flow Laminar Transitional Turbulent
4T /m;< 1600 1600 < 4T"/n; < 3200 4T In; > 3200
Cy 0.029 0.212x 1073 0.181 x 107
m 0.533 12 0.933
C 0.866 0.073" 0.137
n 05 0.84" 0.75

" Two setsof valuesfor C and n (0.095, 0.80) and (0.051, 0.87) giving values of pf8(gé‘>)0'5/nf within 10%
of one another over a wide range of film Reynolds numbers are presented by Seban®. The values in
Table 5.1 are means of these values.

5.2.2 Local film coefficient in evapor ation zones

For evaporation at the free surface to take place the whole of the heat taken up from the tube wall is
transmitted acrossthefilm, implying atemperature gradient. Therefore, before evaporation can take place,
all the heat transferred from the tube wall must go into superheating the film to the extent that the liquid at
the liquid-vapour interface is at its equilibrium (saturation) temperature. Data are few for heat transfer in
this thermally-developing region and no substantiated calculation methods are available. However, this
zone is usually short compared with the overall lengths of tube required in most falling film evaporator
applications and may be accommodated by an additional length of tubing.

5.2.2.1 Evaporation from alaminar film, Re; , <30

The Nusselt solution for heat transfer through alaminar gravity controlled filmis
2 1/3

a,| m _
Nu, = -X—X[—f—] = 110Rey . (5.4)
f

ESDU Copyright material. For current status contact ESDU.

5.2.2.2 Evaporation from a gravity controlled wavy-laminar film

2

-0.2
Nu, = 0.82Re; (5.5)
Thisis Equation (5.4) multiplied by an enhancement factor suggested by Chun and Seban®.
5.2.2.3 Evaporation from a gravity controlled turbulent film"
029, 0.63
Nu, = 0.0097 Re;", 'Pry . (5.6)

" Thecorrelation of Chun and Seban”, Nu, = 0.0038Re;Pr> , isfrequently cited. Asblad and Berntsson'’ point out the experimental
procedure resulted in a systematic variation of maximum Reynolds number with evaporation temperature and thus with Prandtl number,
and questioned the suitability of extrapolation beyond the following experimental limits.

Prandtl number 57 29 18
Maximum Reynolds number 8000 14500 21000

Documents
8 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 98010 1998


http://www.avadocuments.com/doc/esdu-98010-1998
http://www.avadocuments.com/doc/esdu-98010-1998

