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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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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BOILING INSIDE TUBES: saturated wet-wall heat transfer with mixtures

1 NOTATION AND UNITS

Units
S British
Bo boiling number, see Equation (7.18) - -
Cp dimensional constant used in Palen and Small method. 1e°C V°F
See Equation (7.22) and Appendix A
>
a Car function of density ratio, see Equation (7.10) - -
wl
g Cpr function of reduced pressure, see Equation (7.9) - -
c
(@]
It Chg vapour phase specific heat capacity at constant pressure Jkg K Btu/lb °F
>
©
7 Cpl ligquid phase specific heat capacity at constant pressure Jkg K Btu/lb °F
c
(O]
:t, D tube diameter m ft
(8]
E E boiling enhancement factor, see Equation (7.19) - -
.f_é Ecp convective boiling enhancement factor, see Equation (7.11) — -
(O]
g h mixture specific enthalpy at quality Xq Jkg Btu/lb
.'ED h, mixture specific enthalpy at start of step along tube length Jkg Btu/lb
>
Q.
8 h, mixture specific enthalpy at end of step along tube length Jkg Btu/lb
a
o M mixture total mass flow rate in tube kals Ib/h
Mg vapour mass flow rate kals Ib/h
M, liquid mass flow rate kgls lb/h
M mixture mean relative molar mass (molecular weight) - -
'\7|H relative molar mass (molecular weight) of heavy - -
component
M L relative molar mass (molecular weight) of light component — -
m total (gas and liquid) mass flux kgm?s  Ib/ft?h
Pc mixture mean critical pressure bar b/t
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P, mixture reduced pressure, see Equation (7.8) - -

Ps system pressure bar Ib/ft?

Prg vapour Prandtl number, see Equation (7.6) — -

Pr, liquid Prandtl number, see Equation (7.3) - -

q heat flux W/m? Btu/h ft?

Aep heat flux, neglecting nucleation and mixture effects, see W/m? Btu/h ft?
Equation (7.14)

Reg actual vapour Reynolds number - -

Re, Reynolds number with all flow asliquid, see Equation (7.2) - -

S nucleate suppression factor, see Equation (7.20) - -

T temperature Kor°C °F

Toub bubble point temperature Kor°C °F

Tyew dew point temperature Kor°C °F

Ty heating fluid temperature Kor°C °F

Te system temperature Kor°C °F

U overall heat transfer coefficient, see Equation (7.26) W/m?K  Btu/hft? °F

u’ combined heat transfer coefficient for heating fluid, wall W/m?K  Btuhft? °F

and any fouling

Ugp overall heat transfer coefficient, ignoring any nucleation W/m?K  Btu/hft? °F
and mixture effects, see Equation (7.13)

ESDU Copyright material. For current status contact ESDU.

X mass fraction of light component in liquid phase - -
Xg quality, see Equation (4.1) - -
X; mass fraction of light component in feed to vaporiser - -
X mole fraction of light component in liquid phase - -
§<i mole fraction of light component in feed to vaporiser - -
y mass fraction of light component in vapour phase - -
y mole fraction of light component in vapour phase - -
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parameter given by Equation (7.15)

nucleate boiling heat transfer coefficient, neglecting effect
of mixtures, see Equation (7.21)

nucleate boiling heat transfer coefficient, taking into
account effect of mixtures, see Equation (7.22)

convective boiling heat transfer coefficient, neglecting
effect of mixtures, see Equation (7.23)

convective heat transfer coefficient, neglecting effect of
nucleation and mixtures, see Equation (7.12)

single phase vapour heat transfer coefficient, see
Equation (7.7)

single phase liquid heat transfer coefficient at point of
incipient boiling, see Equation (7.4)

final boiling heat transfer coefficient, see Equation (7.24)

nucleate boiling heat transfer coefficient, see
Equation (7.17)

mixture mean latent heat of vaporisation

step length along tube

vapour phase dynamic viscosity
liquid phase dynamic viscosity
vapour phase thermal conductivity
liquid phase thermal conductivity
vapour phase density

liquid phase density
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W/m? K
W/m? K
W/m? K
W/m? K
W/m? K
W/m? K

W/m? K

W/m2 K

Jkg

kg/ms
kg/ms
W/mK
W/mK
kg/m3

kg/m3

Btu/h ft* °F
Btu/h ft* °F
Btu/h ft* °F
Btu/h ft* °F
Btu/h ft* °F
Btu/h ft* °F

Btu/h ft2 °F

Btu/h ft2 °F

Btu/lb

ft

Ib/ft h
Ib/ft h
Btu/h ft °F
Btu/h ft °F
b/ft3

|b/ft3
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2. PURPOSE AND SCOPE OF THISDATA ITEM

Vaporisers and evaporators are used in awide variety of industrial situations. ESDU 85041 (Derivation 37)
describes the problems that may occur in thermal rating a vaporiser, and provides a cal culation method.
The method (Derivation 37) isrestricted to situationsin which the phases are thermodynamically saturated
and the heated wall is covered with liquid (so called wet-wall conditions). It is assumed that the liquid is
in turbulent flow in the single-phase region before the start of boiling. The calculation method is assumed
to apply to vertical up-flow and to horizontal flow in which the velocities are sufficiently high to avoid
grossstratification of theflow. Some of the general featuresof the situation arereviewed briefly in Section 3
of this present Data Item.

ESDU 85041 is restricted to the boiling of pure liquids. The present Data Item extends the method to the
case of boiling of mixtures of liquids. The method chosen can be used for multi-component mixtures as
well as for binary mixtures. The principal difficulty in applying the method for mixtures of many liquids
isthe calculation of the relevant vapour—iquid equilibria. This calculation is outside the scope of this Data
Item, but the necessary information is produced by many modern computer flow-sheeting packages.

3. INTRODUCTION

This Data Item (and ESDU 85041) is concerned with saturated wet-wall boiling. In this region the heat
transfer mechanism is simplified by two factors.

@ Theflow is saturated rather than sub-cooled, so once vapour isformed thereisno tendency for that
vapour to re-condense to form liquid again.

(b The flow iswell away from the condition where the heat flux exceeds the critical heat flux. If the
critical heat flux isexceeded therate of heat transfer drops suddenly asthe heat transfer mechanism
changes dramatically. Typically the heat transfer surface becomes covered with vapour instead of
liquid. This vapour ‘insulates the hot surface from the boiling liquid, and so the heat transfer
coefficient falls greatly.

In saturated wet-wall boiling the total boiling heat transfer coefficient may be divided into two parts: one:
which isidentifiable as concerned with nucleate boiling, and one concerned with convective boiling.

ESDU Copyright material. For current status contact ESDU.

@ Nucleate boiling is the process where vapour bubbles are formed at the heated surface and then:
move into the surrounding liquid. This type of boiling is dependent on the detailed nature of the;
surface and on the way in which the liquid phase interacts with it. Nucleate boiling usualy
predominates when the quality (the fraction of the mass flow that is vapour) is low and the heat
flux is high. Nucleate boiling experiments are often performed by placing heating elementsin a
pool of liquid: thisis apool boiling experiment.

(b) Convective boiling takes place without the assistance of bubble formation. The heat is conducted
and convected from the heated surface through a thin liquid film, and evaporation takes place at
theinterface between theliquid film and the vapour. Convective boiling usually predominateswhen
the quality ishigh and the heat flux ishigh. Convective boiling experimentsaretypically performed
using the flow through a heated tube: thisis aflow boiling experiment.

Often the two types of boiling are regarded as taking place simultaneously, one gradually taking over from
the other as the heat flux or the temperature difference between the heated surface and the liquid varies.
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Using a mixture of components rather than a single, pure component alters many of the phenomena of
boiling. In particular, two features are worth noting.

€) There is no longer a simple saturation temperature at which the evaporation takes place. With a
single-component (pure) liquid the saturation temperature depends only on the pressure. As the
pressure increases, so does the saturation temperature. With amixture, the lightest component (the
one with the highest volatility, that is the lowest saturation temperature at the system pressure)
evaporatespreferentialy. Theremaining mixturethushasahigher boiling point. Thusthe saturation
temperature depends not only on the pressure, but also on the molar composition of the mixture.
With a pure component, as evaporation proceeds, the temperature stays constant (if the pressureis
assumed to be constant) and so all the heat supplied goes to evaporate the liquid. With a mixture,
as heat is supplied, not only does evaporation take place, but also the temperature of the system
increases. Thusthe heat supplied must go not only to evaporate some of the liquid, but also to heat
up both phases.

(b Asamixture isbeing evaporated, there exists the probability that variationsin molar composition
between various pointswill ater the boiling of the mixture. These masstransfer effectsare not well
understood.

From the above effects, four types of influence of mixtures on flow boiling heat transfer can be envisaged.

M The nucleate boiling heat transfer will be affected by mass transfer effects. Nucleate boiling heat
transfer occurs when the nucleation of vapour bubbles occurs at small imperfections or cavities on
the heated surface. The bubbles initially grow rapidly and the vapour is formed from the liquid
immediately surrounding the bubble. Thisliquid isdlightly superheated. In amixture, thislayer of
liquid around the bubble becomes denuded of light component, and so the saturation temperature
of thislayer increases. Thisincreasein thelocal saturation temperature causes the evaporation rate
tobereduced. Thevariationsinlocal compositionin theliquid phasetend to bereduced by diffusion
within the liquid and by any bulk mixing within the liquid phase.

(i) Similar effects also occur in convective boiling, except that thereisinevitably a considerable bulk
motion of the liquid, and almost always turbulent flow, to dissipate any composition variations
developedinthebulk liquid. In convectiveboiling the composition variationsdevel op asin nucleate
boiling because the light component tends to evaporate preferentialy. That also increases the
saturation temperature of the remaining liquid in the interface region, and again reduces the
evaporation rate.

ESDU Copyright material. For current status contact ESDU.

(iii)  Asthefluid flowsaong the channel, the liquid phase temperature isincreasing as the composition
changes. Some of the heat must go to providing this* sensible heat’ transfer to rai se the temperature
of theliquid.

(iv) Similarly, the vapour phase temperature must also increase, and there must also be a vapour phase
‘sensible heat’ transfer to raise the temperature of the vapour.

Any complete understanding of mixture boiling must therefore include all these four types of influence.
However, ailmost al the work on boiling has been on boiling in a pool of liquid where the mechanism is
nucleate boiling. The experiments have been ‘differentia’, that is there is only atiny changein liquid or
vapour composition. Thuswhat isbeing studied in these experimentsisthe masstransfer effectsin nucleate
boiling and that alone. Not only do such experiments yield no information about convective boiling, they
also give no information about the sensible heat transfers.

Before examining the problem in detail, the more relevant facts about vapour—iquid equilibrium effects
will be reviewed.
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4, VAPOUR-LIQUID EQUILIBRIUM

Figure 1 shows a vapour-liquid equilibrium diagram for a well behaved ideal binary mixture with afairly
wide boiling range. The nomenclature usually used isthat X isthe molefraction of the light component in
theliquid phase, and that § isthe mole fraction of thelight component in the vapour phase. Such adiagram
isfor afixed pressure, here 1.0 bar. In actual boiling processesthe pressure changes asthe fluid flowsaong
the heated channel, and so the vapour—iquid equilibrium needs to be known as afunction of pressure al so.
However in many cases thisis arelatively minor consideration.

Referring to Figure 1, consider what happens if a liquid of known composition, say >~<i =04, isbeing
heated from alow temperature, say 50 °C. Until the temperature reaches 73.0 °C it remains as liquid. At
this temperature, the bubble point line is reached in Figure 1. Thus the bubble point temperature, T, , a
which the first bubble of vapour isformed, isequal to 73.0 °C. Thefirst vapour bubble has avery different
composition from the bulk composition of the liquid (X = 0.4); in fact ¥ = 0.845. As the temperature
increases, compositions of theliquid and the vapour change. By thetimethetemperature hasreached 85 °C,
X = 0.220 and ¥ = 0.670. When the temperature reaches 97.8 °C, the dew point line is reached. Thus the
dew point temperature, T, , & Whichthefirst liquid isformed whenavapour iscooled isequal t097.8 °C.
Here at the dew point the vapour has a composition § = 0.4 (as now all the origina liquid with this
composition has been vaporised), but the last liquid to be vaporised has a very different composition,
X = 0.095.

So far the quality of the mixture, Xg: has not been considered. The quality is the mass fraction of the total
flow which is vapour, or

Mg (4.2)

Xy = —0/—
9 M+ M)

where My isthe mass flow rate of the vapour phase, and

M, isthe mass flow rate of the liquid phase.

Thequality iscalculated from the massfractionsof thelight component corresponding to themolar fractions
% , x and Y. The mass fraction of the light component, x; , is calcul ated from

ESDU Copyright material. For current status contact ESDU.

L
- X)My

X. =

ey (4.2)

+ X1
- Zl

(

where I\7IL and My aretherelative molar masses (molecular weights) of thelight and the heavy component
respectively. The equations for x and y are similar to Equation (4.2):

% N,
X = == ==, (4.3)
y M +(1-x)M
yM
y = (4.9

M+ (1-9HM,

In the above example ML = 120 and My = 90. Hence when % = 0.4, x, = 0.471. At 85 °C when
% = 0.220 and § = 0.670, x=0.273and y = 0.730.
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From mass balances on the total flow, and on one of the phases, it may be shown that

Xg B y_X’ (4.9)

where X, isthe mass fraction of the light component in theinlet liquid,

X is the mass fraction of the light component in the liquid phase part way through the
vaporisation, and

y is the mass fraction of the light component in the vapour phase part way through the
vaporisation.

For example, in the above case x; = 0.471, and at 85 °C, x = 0.273, and y = 0.730, so that

w = 0471 -0273 _ 0.198
9 0.730 — 0.273 0.457

= 0433 . (4.6)

Hence, from the equilibrium diagram, the relationship between temperature, liquid and vapour
compositions and quality can be ascertained. For the example shown in Figure 1 the variations of X, Y,
and Xq with temperature are shown in Figure 2.

From data such asthese the enthal py of the mixture (both components, liquid and vapour) can be cal culated.
Figure 3 shows the enthalpy, h, for the example in Figure 1, relative to 0 °C, as the system temperature
increases from 73.0 °C (the bubble point temperature) to 97.8 °C (the dew point temperature). The value
of dT/dh is shown in Figure 4. This quantity is used in some calculation methods. Its significance is
explained in Section 7 on the calculation method.
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