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This project began early in 1965 with the aim of developing
a method of measuring concentration gradients in a mass transfer
boundary layer, | It was thought that the measurement of the detail
within a boundary layer would lead to a.n increased understanding of
‘the mass transfer proceés s in the same way that méastzz;emnt of
‘vélocity and temperature within boundary is\yers has led to advances
in the fields of fluid mechanics and heat transfer,

In situations involving convective mass tra.nsf‘e::;j, a widely
uged method of analysis and design is to use measured vélues of
heat tra.r;sfer coefficients to predict mass transfer coefficients by
applying an analogy between heat and mass transfer, This approach
présupposes thét the pressence of mass transfer does not effect the
flow pattern, It may be that the presence of mass transfer effects
the trensition from laminar to turbulent flow, If this were the
cass, the use of data pertinent to heat transfer situations could
lead to serious error when applied to the analogous mass transfer
situstion, | |

The scope of this study haé not been extended into the
txfansitiona.l and turbulent flow regimes because even m.thout ﬁhe
complications of heat and mass tré.hsfer, these flows a.r_e- ﬁot well
understoods  In laminar flow there are certain situations (eege
flow over a flat plate) in which a theoretical model is in clcse
agreement with observations, In such situations, the validity of
the various mociels of the mass transfer_process can be assessed,

A wgy of doing this, and consequently one of the aims of this
project is to compare measured velocity, témperature’ and humidity
profiles within a 1am:x.nar boundéry layer in which heat and mass
transfer are taking place, The measurement of velocity and
tamperati_ﬁ'e poses nc problems as the techniques of h‘_’t."”.:r‘?
anemometry and fine wire resistance thermometry are established

praétices in boundary layer work, Meg.sﬁrement of humidity within



the boundary layer is another matter. X A number of possible devices
for measuring humidity wlthm a bounda.ry layer were mvestlgat»d
“fi.ne hair hygrometers, high frequency measurement of dielectric
properties, change of electrical resistance with absoi*ption in
hygroscopic media, and sampling vthrougb. a fine tubs,  All we~e
rejected becau_se of the size limitatiocn or because of the inhorent
ﬁroperty' of absorbent type hyerometers to exhibit hysteresis at high
bumidities, ' Th» regions of high b“mldlty close to evapomating
surfaces were of .pe,rt-icula;r interests

| The develcpment of a dovice wrbh sufficisntly emall spatial
discrimination was contimuad until, in mid 1967, siccess il Togsure~
ments wére made 6f't~he humid.it-y vgrié'bion' in the laminar boundary
1ayer above a ﬂet web plate.

The device t‘*a* did not suff er .f‘rom hysteresic ard hed the
potential to be made very snall was a Wet thembcounle nr.«ychrcmeter.
A further attractuve feabure was that the reverse “hermoccuple or
Peltier effect could be uged %o cool and ’shus wet the junction,

The first davelopment was of the device degcrited in Chapter
2 and published in Ref, 1, The basis of operation wes the measuz;é-

ment (indirectly) of -the surface hea’ transfer coefficisnt of the

2.

thermccouple; this the dev'if'e wes ¢ita sensitive to ths air velocity, -

resulting in the ab arvionnont of a c libration of t.hé dﬂ"lce in a
moving air stream, |

The next dev elcpmenb was tcwxds a d::wpomt ingt{rument.
It was hoped to coo’l a thermocouple gradually and un:.fom]y using
the Peltier effect and, by_ some electrica.l meens, identify the dew=
point, A theﬁreticai ‘and experimental investigation showsd that
this too was impfacﬁiéableo

There remained a th.:.rd methobd, that of using the thermocouple
as a psychrometer, " This method, described in Ché.ptér 3 and in Ref,
2, proved successfil, Measﬁ.rements of hmnidity profiles along with
. temperature and velocity profiles were made in the laminar mass

transfer boundary layer above a flat, wet plate, (Chepter ).
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A thee?etical model based on finite difference approximstions
to the laminar boundary layer equations was set up, solved, and the
~ results compared with the measured profiles. (Chap‘oers 5 and 6), The
' model includes the effects of varlation of e.i.r ‘properties (viscosity,

density, thermal conductlvity, mass dJ.fi\ls:Lnty and specific heat)
with both tempera.tm'e and humldlty. An approxunate method of
aneJys:.e is also proposed, based on the momentum, temperature and.
concentration integral equations.

For six months from August, 1967, the author spent study leave
as a vis:Lti.ng research-fel;!,j_pw at the Torry Research Station in Aberdeen,
Scotland, Part of the work undertaken:was the theoretical study of
.the Torry f:.sh dry:mg kiln described in Appendix I, This work com~
plemented the work on mass tre.nsfer boundary layers as it served as a
‘pract.ice.l appllcetion for the knowledge gamed in the more academic
field of boundary layer resee.rch. The work a.t Torry a.lso led to the
closely rela.‘bed study of the dryi.ng of asbestos sheeting, described in
Appendix II, ' _

| Ch_apter»'? 1s an attempt to collate and rationalise the vast
literature on the su;bje'ct of -e‘;r‘apore.tiqn, Out of this rationalisate
ion emerges a .pictu’re of the ‘eveporation preeess in wﬁich the controll-

ing features are identified,

o ! . ol it

Parts of this wo_rk'ca.n be claimed to be original, but several
sections mentioned here and e.ckhowledged in the body of the text
resulted from collaboration with others, In Chapter 1 the analogy
model (eection 1.4.1), models based on equations of convecti.on
(section 1.4.2), and section 1,5 are paraphrased from the references
quoted, Chapters 2 and 3 with the excepﬁien of section 2,14 are
original, Qhaptei- 4 describes measurements made by the author,
Sections 5.1 and 5,2 are summaries of the widely known and used
mathematical models of the laminar boundary layer,  The method of
provid.:.ng for lthe variation of fluid properties with humidity

‘(gection5s1,3) is original,



be

The reduction of the partial differential equations to
ordinary form (section51.4) has been performed by various authors
(Refs, 3, 4), but to the best of this author's knowledge has not
before been cerried out for the mass transfer boundaiy layer with
varying fluid properties, | 'fhe rest of Chapter 5 is original -
exéeﬁb whei'e specific references aré quo‘bed.» Chapter 6 réports
‘the comparison Betw'een measured and compxrted_ boundary layers,

The mathematical models devgioped in Appehdices I and
1 aze the work of this anthor. The experimental part of the
mvestigatioxi.reported in A;;pendix II was carried out by anothér

worker,
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CHAPTER 1

In this chap’oer it is proposed to_ou’oline the subject of
conve'cti'.ve. mass transfer, A few concep.ts. basic to the subject are
~ discussed and some of the technica.l terms are explained |

| Much of this chapter is repeated in greater detail in
succeed:.ng chap'bers. It is glven here partly as an mtroductlon
© to the sub,)ect and so that the deta:Ll which is to follow can bes
presented against 1_;_he background of.‘ the broader field of convective

mass transfers

transfer | ers.

The term mass transfer _a.pplies to a large number of commercial
imhlstrm processes. Any process in which matter is removed from
‘one position to another, with or without a change of state or phase
can be descrlbed as mass transfer. Ablation, condensation, trans~
piration cooh._ng, pezjsplra.tlon, erosion and drying are a feﬁ examples,
The narrower terex "eﬁaporaﬁion" describes the situation in which a
liquid cha.nges phase and the gaseous phase is removed, A common
process is that in wm.ch the gaseous phase is removed by a moving
stream of gas, It is in this 51tuat10n that the concept of a
boundary layer erises. . |

- For about; half a ceﬁtury_ it ﬁas been recognised that when a
stream of fluid flows past a solid boundary, the influence of that
boundary is often confined to a reglon close to the boundary, This
boundary layer can be roughly def:.ned as the region in uhich the
velocity of. the fluid is different from .that of the bulk of the fluid
.remote from the boundary. Much of modern fluld dynamics derives
from this boundary layer concepte

Likewise, whenle liquid evaporates into a gas, a mass
transfer boundary close to the liquid su.rfaoe can be identified,
(Refs 3)s It is within this mass tfansfér boundary layer that the
various processes controlling the evaporation are to oe found,
Because- of this, mass transfer boundary layers are the main concern

of this investigation into the evaporation process,
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].2- | Cony ecm e evaporation,
The most convenlent mass transfer boundary layer to
'investlgate expermentally is tha.t for the evapora.tn.on of water
Va.pour into a.ir. . The eVaporat:Lon can be plc'bured as molecules of
" water leavmg the 11qu1d surface as.free gaseous water vapour mole~
-cules and= diffusing into.the near stationary air stream adjacent to
_the liquld surface. : Then by the supplementary processes of
dlfi‘us:.on a.nd convection, molecules: are transferred through the

boundary 1awer.

tr . er_bound e megsurement.

One of the reesons for nnderteking~£his' investigation was fhe
almost total lack of measurement of concentrations within mass tra‘nsfer_
boundary lgjrers. vv Thie situation arose from ﬁhe ‘difficulty of mesasur-
ing mass concentration in a small space; - There have been many
measurements of mass transfer rates on an overall basis, (Ref, 4), but
very. little attention has been gi!vén to the eetail within the boundary
layer, Powell and Griffiths (Refa 5 and 6), in perhaps the most
comprehensive set of expenixnents on evaporation from bodies of
different shapes and sizes, measured velocities and vapour pressures
(humidities) above a wet surface using a qna;'t'bz fibre anemometer and
e thermocouple psychrometer, (No other details given), More recently
El-Wakil et a.l (Ref. 7) used an interferometric technique to stud&

the mass transfer from a veift,ica.l plate at low Reynolds numbers,

14 Mode_l,i‘s of the evaporgtion process.

The use of- the word model, here a.nd in other parts of this
thesis, requi.reslsome explanation, It is convenient to identify
‘two models of a real situation, The first is termed‘ the physical
-model, .The physical model is an abstraction approximating the real
‘situation, f‘or example, if the real situation was the solar system,
a physicsal model could be a number of points corresponding to the

planets, each moving in an ellipse with the sun at the focus,



There could of course be any number of physical models, each >givving
a closer abproxi.mation__ to the real situation, .

The second model is terms. fhe mathematical model, and is a
mathematical statememt of the physical model, In our illustration,
the mathematicé.l model would be Kepler'!s "Laws of planetary motion®,

This process of the idenf;ifica‘hion of models serves as a
constant reminder of the artificial nature of the calculation,
There are approximations and hence errors in both the physical and

mathematical models,.

1adial The gnalogy ;_g. odel.
The viscosity of a fluid  is defined (Ref, $) by the
expressions | |
. t = "‘/)L );_lé;

Y

where T is the shear stress,

’_ o . (101)

‘W is the velocity in the direction parallel
to the direction of shear,
and 4 is the distance perpendicular to the '
- direction of: shear,
Li.kewise the.thermal conductivity k of a fluid is defined by the
expressions
Y = - gl ):._I ’ (1.2)
A Yy
where ¢/ is the heat flux per unit time,
| A is the area, ‘. |
T is the temperature,
and 4 is the distance parallel to the heat flux,
In additién, mass diffusivity D -is defined by the expression:
W - D dw
A ’ 2y

where W 1is the mass flux per unit time,

> _ | (103)

A is the ares,
Cw is the concentration,

| and kg is the distance parallel to the mass flux,

Te



It can be seen that there is a marked similarity between thé
definitions of viscosity, thermal conductivity and mass diffusivity,
It is this similarity which gives rise to the Reynolds anaiogy éf
heat and masé'transfer; The basié éf the analogy is that heat and
- -mass are‘diffuéed in a preci;ely similar wa&.to the diffusion of
momentum by v1sc031ty, except that the scale is determined by thermal

condact1v1ty and mass dlfoSlVlty.

86

As heat, mass and momentum are transferred in a s1m11ar manner

-accordlng to equatlons (1.1}, (1.2) and (1,3), the boundary layers will

be similar, If certain non-dlmen81onal parameters, namely the Prandtl

and Schmidt nmumbers, are equal to unlty, then the three boundary layers

are identlcal. In general, if, in the heat transfer relatlons, the
Nusselt number is. replaced by the Sherwood number, and the Prandtl
A number is replaced hy the Schmidt number, then an expression for the
mass transfer results. '
This approach is w1dely applled wlth a reasonable degree of

A succéss. " There are, however, éertaln basic differences between the
‘transfer of heat and mass which can lead toAsignificant>errors in the
analogye. The mmér in which vaiiaﬁions__:‘m teﬁxperatu.re a.nd humidity
vary the properties of moisf ai; is one cause cf dissimilarity. |
AnotherAdissimilarity arises froﬁ gn inherent differénce between the
‘processes, This is bérhaps‘best illﬁstrated by an examp}e cf
seemingly "gimilar" Situatioﬁs of heat and mass transfer;

| Consider the heat'aﬂd mass transfer from two cylinders in
an air stream, One éylinder is provided with a heating element and
the éther has pdrous wells and a supply of water, Thﬁs we have a
case of heat_tfansfer which»shoﬁld be similar by analogy to the case
of mass transfer from the wet cylinder, A difference arises from
the .inability of the surface conuentratlon in the case of the wet
cylinder to adjust 1tse1f in the same way as does the analogous
property, temperature, in the case of the hot cyllnder. As the
heast input to the hot cylinder is increased, so also does the

surface temperature of thevcylinderg and hence the heat transfer,



However, when the water supply to the wet cylinder is increased,

evaporation can increase only up to the stage when the surface of

%

the cylinder is uniformly wet; thereafter, no increase in evaporation

is pogsible, The ohly result of increasing the water supply rate
would be to run the excess water down the ‘éide of the cylinder,

Thus is illustrated a very real difference betwsen the pro-
cesses of heat and mass transfer, There is-nothing in mass transfer
anglogous to the quantity "surface temperatﬁre" in heat transfer,
Because there must be a phése change aﬁ the surface of the wet
cyiindar, there is an upper limit to the amount of water which can

be evaporated into an air stream of a given humidity and velocity,

1 .4.2. Models based on _-convectidn egyg -tiogg.

The general Navier Stokes equations describing convective
fluid flow can be reduced to four simuitaneous non~linear partial
differential equations which describe the flow in a laminar two-
dimensional boundary layer.'_ (Refo 9)¢ Hartnett and Eckert (Ref,
10) proposed a ﬁodel of the mass transfér boundary layer Based on
the simplified bov.nda:mr layt_ar equatibns whicim rgsult when the fluid
properties arse considered constant, |

The equations are as follows:

Cont%nuiﬁy; 2-’-)‘-; + §$‘-‘-; = 0 » (1.4)
N e i, 4k, s
Diffusion; %—-;: + v ;’:; =D :‘;5’;;,; .  (1.6)
Enevey w %‘ e % = L %,_ (1.7)

These equations apply to a 1ahinar two=dimensi onal boundary layer
in an incompressible fluid where the viscous heating is negligible,
The boundary conditions chosen by Hartnett and Eckert ara

as follows:
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w=0 ot $w=0 ,
Momentum; W =Ug 0% o> ,
Va&fwa*- cz:-.o,

(1.8)

w=dyotyzo ,
Va'".go O-*' ‘aﬂlo »

Diffusion; (1.9)

T=Tu ot y=0,
T=Ta as y~roo,

Energy; (1.10)

Hartnett and Eckert went on to solve the equatiohs for
. various values of the "blowing velocity! Vi . The value of Vw is
shown to be uniquely determined by Wi, and g according to the

equation

Ny = —_D (Bw | : (1)
I--Uw’" 24y /y=o0

Thus if the wall and bulkiflow humidities are known, the "blowing
velocity" and hence the evaporation rate can be found,
However there is no indication as to how either W, or Weo
is to be found, That the evaporation is uniquely determined by
the air speed and hwnidity is apparent from experiment, The evapor~
ation rate automatically adjusts itself to suit the prevailing
velocity- distribution and ambient humidity,
| It seems that the Har‘bnett-Ecker‘: approach applies mors

nearly to cases.ofboundary layer suction or transpiration cooling
where thers is a significant forced flow of fluid through the bou.ﬁdary.
In the case of evaporation of water vapour intc air, the mass flux
across the liquid boundary is quite small compared with the flﬁ.x of
air further out in the boundary layer. |

| For these Teasons, in the model of evaporation prqposed in
Chapter 5, the boundary conditionV =4J, at fé:@ is replaced by
V=0 st 9=0 . |

1.5 Factors affecting the evaporation rate,

So far, the various theories of evaporation have not given

a means of predicting the evaporation rate, Berman (Ref, 11)

goes some of the way towards this. From considerations of molecular
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.ki.netjcs » Berman proposes that the eva.porat:.on rate be li.near],y
related to the difference between the partlal pressure F«r of
the water vapour in the air immediately adjacent to the 1iquid
surface and the saturation partial préssure of water vapour at the
. ‘ . o “ ’
temperature of the surface p . . ,

T . " s )

fuas Yev = K(P - PN' ’ (1.12)
where % 1s the evaporation rate.

Berman :shows that ’ohe factor of proportionality K is rela.ted te
the accommodatlon coefficient 'F by the expressicn,
K= 3bxio af oMy (1.13)
2wRT
where O is a correction factor "to allow for a difference
in the actual propertiés of the vapour from those
| of an ideal gas and for the effect of the direcu-
ional motion of the vapour on the velocity
_ distribution of its molecules,"
% is the gravitational acceleration;
ﬂ.q- is the molecular welght of the vapour,
R is the unlversal gas constant,

and T is the absolute temperature of the liquid surface,

The accomédat‘ion coefficient '4: s also called the "condensat-
ion", cr "evaporation' coefficient, is the precportior of vapour

mriecules which on striking the liquid surface are sbsorbsd into ite

Here, hbwever, »certe..in conflicts arise, There is a
consi&erable scatter of measured values of the accommcdation
coeffic.'llenﬁof water, (ﬁefé.' 12, 13).; Theoretical esti_mate_s are

| lérger then measured values by factors of 20G. The difference has
baen partly explai.n-.éi by the peculiar stracturs.cf liquid water,
Lype (Ref, 1.) refers fo water as a pseudccerystalline substance,
Water is characterised by stronglf polar, asymetrical molecules

vhich behave as though bound in a crystal lattice.
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Notwithstaﬁding these difficulties, Berman's approach gives
an insight 1nto the detalled nature of evaporation, Flrstly thers
is a dr1v1ng force ( r> ra, ) actlng in the reglon close to the
interface, This driving force determines the evaporation rate, pro—
vided the externai conditions aré such that the waterlvapour can be
lremoved from near the water surface with suff1c1ent rapldlty to main-
tain ths va.lue of P&' near the surface. The driving force which
controls ths movement of water vapour away from the surface is thé
pa:tialgpréssure difference (F;f-F;o »), where P@o is the parfial‘
pressuré in the air remote -from the evaporating surfa¢e. There is |
aiso a dependénce on the velocity ahditemperature distributions in the
boundary layer,

It appears that in most cases of evaporation of water vapour
int: air, the controlllng fautor is the convection from the surface,
The velue of the partial pressure close to the surface is near the
saturation partial pressure at the surface,  The upper limit to the
partiél pressure at the éurfaCe, that’is-thé saxuratidn partial
préssur s, gives rlse to the dlffe“ence between the heat and mﬁss
transfa: processes mentioned above° The partial pressure near the
surfacéucannot rise past the saﬁuration bressure, thus the driving
force.tending.to remove tha water'vapour by convection is limited.

Berman states that the partial pressure near the surface is
indistinguishable from the saturation paftial preséure_at the surface
tempéraxure. This is one of the statements that it is proposed to
investigatebby diféct measurement. with fhe‘miniature thermocouple
psychrémeter develdped to measuie hﬁmidities within the boundarj

layesr,

b lTh fhogtlace' philoso

- Iﬁ should.becoﬁe apparent in the work to fcllow, that some
of the existing models have been.used,iparticularly in establishing
the behav1our of the thermocouple psychrometer. . Thus the mesasuring
‘instrument has as 1ts basis, the process 1t is to be used to

investigate,
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In justification of this, first there is the need to get
started somewhere, and secondly, any modifications to the existing
models which may:arise from the investigation can b3 applied to the
measuring instrument, This in turn could lead ﬁo a modifiéation

of the model,
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. CHAPTER 2

Thé‘thez?mogoﬁplé psychrometer used for measuring humidity
- gradients within a mass transfér_ boundary layer evolved from two

- devices, bo;bh.of which proved 'unsat”isfactdry snd were abandoned,
The developmehtvof' fhe’se.two devices is set out in th:is chapfér.

ntroduction.
' Meagurement of humidity is characterised by the large

number a.nd tVariQty‘of the ﬁ}ethods used, | This is illustrated by -
a list of measuring .’cechpi@ues taJ{en from a‘ rec‘ent;' tra.néducer

compendium, (Ref, 15)e

PSYCHROMETERS ABSORPTION HYCROMETERS

MECHANICAL HYGROMETERS  CONDENSING HYGROMETERS

DEWPOINT HYGROMETERS THERMAL HYGROMETERS
ELECTRIC HYCROMETERS REFRACTIVE HYGROMETERS
GRAVIMETRIC HYGROMETEBS ELECTROLYTIC HYGROMETERS

THERMAL CONDUCTIVITY DEWCEL HYGROMETERS
HYGROMETERS |

SPECTROSCOPIC meaomms |
A recent symposium on humidity and moisturé i(Washingbon 1963)
'published, a 686 page volume on the principles and methods of
measuring hﬁmidity. (Ref. 16)e
. The overriding considération in the choice of a technique

* for measuring mﬁnidity within a boundary layer is the need for
lépatial discrimixié.'f.ion. The wind tunnel available for measuremsnts
of mass transfer boundary lsyers had a wbrking section one metre
long, This prodﬁced boundary layers about 2 cm. thick with air
speeds in the laminar range similar to those encountered in natural
draft c_ooling'toue_ré, drying kilns, etc. (in the rang.ef to 4 m[s )e

| Spatial discrimination of around two ordefs of magnitude
smaller than the boundary layer to be msasured is the upper limit

‘'of size to give a meaningful traverse across the boundary layer,



This means a discrimination of around 2 x o ‘:v\ 3 such a réquire-
ment rather narrows the field of suitahle techniques,

.Thefe'is a method of avoiding the spatial discrimination
requirement by sampling to collect sufficiént moist air to enahle
conventional humidity measurihg-methods to be used, However, there
are drawbacks to sampling; in order not to disturb the bouhdary layer
flow, the sampling must be at the local air velocity. -This 1eaﬁs
to unreasonably long sampling times and thus to difficulty in
_controlling the ambient conditions, There is always a risk of
losing some of the water vapour in the sample bj oond;nsatioh or
absorptiéh. A further disadvantage is the unsuitability of the
| method»for-use in turbulent or rapidly changing flow,. |

Methods of humidity measurement which depend on the
absorption of watéf vapour into a substance causing a change in
some property of that substancé, whether length, eléctrical
resisti&ity, dielectric constant, etc,, suffer from the disadvantage
of increasing hysteresis at high humidities, ' These msthods are
unsuited to measurements in a boundary 1gyer as there afe regiong

of high humidity‘close to an evaporating surface,

202 | The Peltier effect,

_The method adopted is based on the Peltier effect (Rafs,
17, 18, 19) which has of late.found appiication in vearious thermo-
electric cooling devices, In short, an elsctric current is passed
through a junction between two thermo-slectrically dissimilar
metals, The‘effect‘of this current is to cool the jtnction,' A
thermocouple junction.éan function as a hygrometér by using the
Peltier effect to cool the junction below the dewpoint temperaturs,
.whgreupon the form;tion of moisture is detected, and the magnitﬁde
of the current at this point is a measure of the dewpoint temperat-

ure and hence the humidity,

15



The method 1s ideal for measurements in the boundary layer,
The spacial discrimination is limited only by the size to which a
single thermocouple junction can be made, and as the insfmment. is
essentially a dewpoint hygrometer, it does not suffer from a loss of
"sensitivity at high humidities, |
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Fige 241e Thermocouple cross end circuit, Bismuth and
bismuth~tin alloy wires are soldered to copper
supports and resistance welded together where

they cross,

Rad Early ggggérmentg.

The first attempts to measure humidity using Peltier effect
cooling were made with a cross of two tﬁermo-electrically’ differen‘b
'metals, bismuth and an alloy of'.b.iénu'th and 5% tin, The c¢ross was
resistance welded and soldered to stout copper leads, The circuit
(Fig. 2.1) -ené.bled a current to _Abe passed through one leg of the

cross, while the other leg acted as a thermocoﬁple junction, The

16,

current was slowly increased and the potential across the thermocouple

junéti‘on recorded, Plots of cooling current vs. thermocouple
potential were straight lines but with a kink, thought to correspond

to the dewpoint .as moisture accumilated on the junction with cooling



17.

currents in excess of that required to give the kink, The method
was slow and tedious, the kink ill-defined and did not always appear,

Thus the method was abandoned in favour of a single junction,

G- Golvenometar
WA~ mitliammeter

! ———Tharmocoupie

Fige 242, OCircuit using single thermocouple junction and

‘double pole - double throw  switch,

The first experimenﬁs with é, single juncticn employed the
tech}xique described by Spanner (Ref, 20) as thé "ballistic technique",
The circuit (Fige 2.2) used a doﬁble throﬁ - double pole switch to
switch the thermocouple ‘i‘roni a battery circuit cooling the junction
to_ a galvanometer circuit which measured the terperature of the
jﬁnction. i‘-he 'metﬁo'd was to cool the junétio.n for a fixed time at
a current known to be greater than that required to cool the junction
below 1':he dewpoiht and then to throw the switch, thus coﬁnectiﬁg the
junction acrbés b'thé galva.nomei;er' and ébsefving-its maximum deflection.
The method of M&ntieth and Oven (Ref, 21) was also attempted. This
is similar to the Spanner method except that a measure of the wet-bulb
'temperature. is obtained by recording the galvanometer deflection at .a
fixed time after switching, | |

An attempt was made to calibrate this apparatus in moving
air, and after a number of modifications to the originé.l circuit,
including the use of répid a._ct.ibn switches and attempts to observe

transient changes in the junction potential using an oscilloscope,
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a calibration was obtained, The 'c.alibra‘bion, however, exhibited
a considerable scattexr ,6,f, resuits and provoked éome thought as té
how it could be improveds |

The most serious limitations to the "ballistic method"

. seem to lie in the switching delay and the switching resistances
which ars difficult if not imppssible to keep constant over long
' pericds, 'F\Lrthermore, »the method depends on the ballisfic fhrow
of a galvanometer with a response time for full sca.le deﬂection

of about two seconds giving a measure of the much more rapid
evaporation from the junction,

" These limitations were. overcome by suitable electronic
circuitry which alternately cooled and heated the junction, The

junction was pulsed with the square wave form shown in Fig, 2,3,
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Fige 243¢ Alternating square-~wave current form,

Tke circuitry enables the thermocouple potential to be
obgerved continud}sly and the fast rise time of the squa.ré waves
(about ZO/uS) is several orders of magnitude faster than mechanical
switching é.nd- is thought to be somewhat faster than the cendensat-

ion of moisture onto a cold surface,

A The method adopted.

Wave-form generator: The wave form generatér is shown in
Fige 2¢4e It comprises four monostable multivibrators in cascade,
each with independently variable period prévided by inserting shunts
| intc a bank of capacitances, thus altering the period of the multi-~

vibrators,  The period of the current waveform is 320 milliseconds,
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Two of the miltivibrators drive a current reversing switch
to~produce the wave form of Fige, 2,3e |

During AtoB the jﬁnction~is cooled,

B to C there is no appiied current and the junction
fﬁnctions as ‘a thermocouple, |

o C to D the junctiéh:is,héated,AeVaporating_condensation

vhich may have bccurred dﬁring.A:to B,

D to E is as for B to C,

At E the cycle repeats, .
By baiancigg the amplitudeé and durations of the heating and codling
currents it is possible to avoid long-~term heating or cobling of the
'jﬁnctidn. That is, the heat extracted from the junction during
cooling.is’equa; to the heat input to the junction during heating,

Bridge circuit: The junction is set up in a balanced
bridge circuit (see Fige 2¢5)e A sensitive differential amplifier
and oscilloscope combination is used as the detecting instrument to

observe the bridge unbalance,

- 225 Construction of thermocouple junction.

Preparation of wires: The thermocouple wires are produced
by the Strong (Ref. 22) method, Briefly the method is to suck the
molten metal into alglass tube, then draw out ﬁhe tubing, The glass
is etched from the wire with hydrofluoric acid solution. The author
produced satisfactory wires (if rather brittle) by hand-drzsing the
glass over a Bunsen burner,
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Fige2.4s  Wave-form generator circuit.
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Woveform generator

Amplific I

Thermocouple

Bridql Equivalent circuit
. (RitR,)V,
(Ry+ R+ Ry+R,)

. Fig, 2,5. Balanced bridge circuit,

Manufacture of the jhnctioﬁ:‘ The wires are first soldered
onto copper supports with Wood's metal and & flux of 40% ZnC1,, 20%
NHAC1' 40% H20. A soldering iron made from a fine needle with a
Nichrome wire heéting element was used, The work was carried out
_under a binocular microscope approximately 30 x magnificatién. The

wires were crossed over and resistance welded together, Welding
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voltage needed to be carefully adjusted so as to fuse the wires without

causing them to disintegrate, The junction was then carefully washed

"in a #ery mild caustic solution to neutralize the acidic flux, The

author has. produced temperatures as low as 12 degF below ambient with

Bismuth, Bismuth~tin thermocouple wires about 0,0009-~0.0012 in, diameter

arranged as’ shown in Fig. 2.6.

206 Method of operation, |
The ﬁethod of operation is to increase the amplitude of the

pulsing waveform until the signal detected by the amplifier and
oscilloscope is of the identifiable form shéwn in Fig. 2.7, Also
shown in Fig, 2,7 are the signals corrésponding to adight increase
ahd a slight decréase in the amplitude of the pulsing waveform about
the identifiable amplitude. The potential V| shown in Fige 2476
corresponding to a cooling current ig,which produces the identifiable
signal, is récérded.

| The effect of unbalancing the bridge is tha§ the signal from
the thermocouple is superimposed on an attenuated pulsing waveform,
This causes discontinujities in the observed signal aé shown in Fig,
2,8, By adjusting the variable bridge resistance to eliminate the

discontinuities the bridge may bé balanced,-



of operatio

In order to establish the principle of operation of the
hygrometer and in particular to determine the cause of the observed
change in the waveforﬁ, a mathematical model of the thermocouple
junction was set up and an expression obtained for the temperature
distribution in one of the thermocouple wires resulting from a cool-
ing current in the thermocouple (see Appendix to Ref, 1), The
"humps" in the observed waveform (Fig., 2,7) are caused by the
addition of exponential error function terms arising from the
Peltier effect cooling and an exponential term arising from the

Joule heating in the thermocouple wires,

Fige 2.6, Thermocouple junction used in calibration,

A digital computer was used to calculate the behaviour of
a thermocouple junction undergoing the steady pulsing current of
Fige 243 During the part of the cycle when there is no applied
current, there is still a current flowing in the thermocouple due
to the thermoelectric potential of the junction if the temperature
of the junction is different from that of the rest of the circuit,
This current is about one thousandth of the driving current used to

cool the thermocouple, thus the Thompson effect (Ref, 17) can be

21,



neglected as insignificant, In this case, the thermo-electric

potential of the junction is directly proportional to the junction

. temperaxuré and is independent of the tempefature distribution
along tho wires, Thus by computing the temperaturé of the
Junction around the cycle it was possible to compute the junction

potential observed by the amplifier ard oscilloscope,

The computed signal closely resembled the observed
potential change shown in Fig, 2,7 except in regions close to a
change in current,-

The same chéracteristic change  in shape of the signal
with a change in current as shown in Fige 247 was produced by

the caloulation,

'By.Varyihg the current, 4 , and the surface heat-~transfer
coefficient, it was possible to show that for a particular value

of the surface héat-transfer coefficient there is only one valus

of the driving current 4(--0 s which will give the easily identifiable

horizontal signal; The surface heatntransfer coefficient“depends

on whether or not the junction and wires are dry or wet, and if wob,

depends‘on the amount of moisture condensed on the junction; By
pulsing the junction long enéugh»for steady-state conditions to
establish, the quantit& of water condensed each cycle will bs
constant and will deperd on the humidity of the air surrounding
the junction. Thus the potential Vp (Fig, 2,7) recorded whica
is proportional to the driving current and hence to the surfacs
heat-transfer coeffiéient serves as a measure of the humidity of
the air at the junction. The identifisble horizomtal signal
does noﬁ correSpond'to.the'dewpoint or wet-bulb teﬁperature since
it indicates that tﬁere‘is enough moisture condensed on the

junction to produce the effect,

224
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2.8 Calibration.

The'thérmocduple junction hygrometer wés calibrated

against the equilibrium hunidity of still air above saturated |
selt solutions (Refs 23)e The appaia&us is shown in Fig, 249
The Perspex box is hermatically sealed with pétroleum jellye. |
The microscope is used for visual observations of condensation
| at low pulsing frequencies,

The calibration (Fig, 2.10)'of'potentiai corresponding to
the identifiabl horizontal signal against the depression of the
dewpoint belbw ambient.temperature is approximately linear, Above
'#bout 5 degF dewpoint depression, the hygrometer fails tg register
any further increase in dewpoint depression, This is because the
naximum temperature drop obtainable with the bismuth, bismibh-tin
thgrmocouple used is about 5 degF so that béyond this point, no
moisture is condensed on the junction, It may be possible to
increase»fhe range of the instrument by usiﬁg semiconductor materials,
which have a mach larger thermo-electric effect. (The Peltier
coefficient of a n- and p-type bismuth~telluride couplé at 0>degC is
10C-120 mV whereas that of a bismuth, bismuith~tin thermocouple at O
degC is 20 ﬁV). Due to the long times necessary tc ensure that
the air above the saturated salt solution had reached eqﬁilibrium
humidity, the calibration took place over a period of 28 days. This

' gives some idea of the long-term stability of the method,
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Fige 2,7, Potential observed across bridge,
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Pige 2.9, Apparatus used in calibration in still aix
above saturated salt solutions,
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Fige 2,10, Calibration of hygrometer in still air above
saturated salt solutions,

2292 Limitgtions and reason for abandoning the method,

This investigation demonstrated tha‘bA it is possible to
measure humidity with the required spatial discrimination, The
intention at the conclusion of this work was to attempt a calibrat-
ion in moving air and for this purpose a small closed circuit wind
tunnel was constructed, (Fig., 2,16, 2.17). The tunnel had
provision for adjusting the humidity by bubbling the air through
various saturated salt solutions, . A

It became apparent both from the attémpt at calibration in
moving air and from consideration that the basis of the meaéuring
process is the assessment.of the surface heat transfer coefficient
of the wet wire, that the method is very sensitive to changes in air

velocity; so much so as to preclude calibration in moving air,
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However this investigation showed that it is possiblé to cool a
thermocouple junction to below the dewpoint of the surrounding air
(provided that the dewpoint is not more than‘ahout‘5 degF beloﬁ
ambient temperatura) and that it is possible, by means of the
alternating current bridge fechnique devéloped, to observe continu~

ously the junction temperature.

2210 _  The sawbooth cooling aspprogch.

The linited success of the method described above led to
the investigation of a technique which involved a progressive cool~
ing of the‘thermocouplé junction by mesns of Peltier cooling with a
sawtoofh wéfe fofﬁ current, The new method sought to identify the
onset of condensation and hence the dewpoint temperature, It is
. possible to observe the onset of condensation under a microscope,
but the eventual requirement that the method should be suitable for
turbulent flow and the difficulty of microscopic observation withoub
disturbing the air flow, necessitated some sort of electrical
indication of the onset of condensation, It’was,h0ped that the
wetting of the junction wouid cause a sharp change in the surface
heat transfer coefficient and hence a sharp chanée in junctién
teﬁperature. .

In order to.find what the effect would be on ﬁhe observable
junction temperature of the junction becoming wet through condensate
ion, a detailed mathematical and experimental study was made of the
Paltier cooling of a thermbéouplevwith a saw~tooth wave~form current
An analytiCal solution has been found fbr the case of a linearly
increasing current, and a more general numerical solution has been
developed to predict the.behaViour of a thermoéoupie with an arbit~
rarily varying applied curfent. It is possible to cool a thermoe
couple about 20:times a second = a considerable increase in the time
- response over that of the Spanner method (Ref, 20) which required

ebocut 12 seconds for each reading,
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2,11 Model of Peltier cooled thermocouple.

Spanner developed the following equation for the transient

behaviour of a Peltier cooled thermocouple from the Fourier equation

of heat conduction,

9. ave _B(eese)

:A
where A = f&/fc ’

O.P
]
r
®
———
>
-
0O

is wire temperature,

is time,’

(=
w

distance,
is the thermal»cond'uctivity of the wire material,
is the wire perimeter,

is the cross secticnal area of the wire,

> > P >R o

is the'surface heat transfe_r coefficient of the
wire,
is the resistivity of the wire material,

is the density of the wire material,

0~ <

is the specific heat of the wire material, -

and 4 is the current flowing in the wire,

The boundary conditions are:-

(»1)

The heat conducted from the junction along the wires’

‘must have the value = P4 ,(where P is the Peltier

coefficient of the thermocouple junction),
A fraction = A\ Pi is conducted along one of the wires
and =(1= A )P4 along -the other,

Thus ' :
&A(b—e) = - NP . (242)

% X=0O
The model can be extended to include the case of a thermo-
couple made of wires of different sizes. This has been

done in the similar situation of Appendix III,



(2) Initially, the temperature is everywhere constant and

equal to the ambient air temperature,

That isat T =0,0=0 for all X, (2.3)

(3) The influence of the Peltier effect is insigrificant,
sufficiently far away from the junction,
That is as X~ 00, 9-’9&) for a11 € s OT substituting
in equation (2,1),

b__Q b19+§5 O as X —» ¢o,
e T ( haA\-’ (2:4)

The physical model of the thermocouple is one-dimensional in that

it assumes that the température and Joule heating are uniform across

the wire cross—-section and heat convected at the surface reaches the

whole. of the cross-section uniformly‘ and simultaneously,

2al12 Solution of the Equations,

A current increasing linearly with time may be described
by the exprassion

< = t

) (2.5)

~§

which on substitubion intc equation (2,1) gives

20 . 4%0 _ b(0+Trt’
dt x T haA

or more conveniently

&.::OLSL _b"@..efz

)t ——&’.‘ b ] (2.6)
»{here | ' . -
’ 2 = b‘.t ¥ = T .

T S
T*hah Atpe T
On substitution of equation (2.5), the condition at the boundary

(equation 2,2) becomes

(26). = - APL x|
¥ /xeo RAT
or more conveniently '
Y = -Vt ,
(31>x=o . (2.7)
where _
D = NPT .

A

-
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Equation (2.4) becomes

' RPN r S i | ' :

'régi b .0t —» 0 as X —» o0,

-~ (208)
ot

Equations (2.,7) and (2.8), with the initial condition (23) are
sufficient to solve the partial differential equation (2,6), It can
be seen that (2,6) is linear in @ .  Thus we can put & = €p + 6Oy
where Bp= Qp(x, +) and 9’. = Q:r(t.) indépendent of x so that

(2,6) may be written as two equations

+ a ‘
3_9_1?,3.,(}___9;_.\:9,,, (2.9)
2t x?
and
B 1 2z
b_ﬁ?' = - b 93' - ¢t . (210)
20¢ : |
The conditions (2,3), (2.7) and (2,8) become; for QP’
LO_P P .ot of == o© »
2%
Op =+ O as X =+ oo (2.11)
att=0,@p=0foralx
and for 6 33 QJ = 0Oatt=0., (212)

Equation (2.9) describes a thermocouple of zerc resistance (no Joule
heating) undergoing Peltier cooling, while equation .(2.10) describes
an infinite wire with uniform Joule héatiné exchanging heat with the-.
surroundings, It can be seen that equation (2,10) is an ordinary
differéntial equation of the first order and degree, The folloﬁng
solution has been found which satisfies equation (2.10) and the
initial equation (2,12);

. -6t 4 2 2 ‘ |
93-= %6[23 - b+t ...zb‘t-z] e (2.13)

Equation (2,9) may be solved explicitly for the case of a linearly
increasing current, The equation is also amenable to a finite
difference solution which has the advantage that it may be applied

to an arbitrary vai'iation of current,



4 Finite differenc tion.
The method follows normal practice (Refe 24)e
A grid is set up with the origin at the junction, ihe
abscissa corresponding to distance along the wire and the ordinate
corresponding te time. The method used is described as explicit
or marching as the values of temperature at the grid points are

calculated directly from other points on the grid,

2.13+s1  Partial differential equation in finite difference form,
There are various ways;'bésed on Taylor Series expansions

of the derivatives, of expressing equation (2.?) in finite differ-

ence form, The solution by a marching process.involves the selection

of suitable differences so that the calculation can proceed.

—6 —alg,
alalel +14%-{alala

=] oo

Fige 2,116 Finite difference grids, Fig, Re124

o
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Away from the boundary, points on the grid involved in

setisfying the finite difference equation are arranged as shown
k3

in Fige 2,11, With a central difference for é_fi and forward

>x?
difference for %é% we have;

= Oa =264 + 6

é!? 3 éjg = é?o»"é;a .
ot Dx?® 2t 5t

So that, for equation (2,6) to be satisfied at point A (corresponde-

ing te 94 )s

Go-0a _ o (6g-20,+6,) — E6a
ot ox?



cr rearranging v _
6y = ( :-—z/s-baot)e,\ + (6 +6;),3 ,

with ﬁ = o AT
Da?

More generally, if & 1,3 is a temperature at grid point i, j,
2

94'.,56-{: (l"'zp*b"t}t) 9.&.,5 + (9&4‘5 + 9,;“‘3)# . (2.14)

Thus, once the values of temperature in the jth row have been cale

culated the values in the (j + 'l)th row may be obtained, However,
at the end of each row, the value in the (j + 1)th row uses the
i+ 1)'1:'h term in the previous row, so that the rows become shorter

and the calculation proceveds in a triangular fashion,

2.13.2 Boundary ccndition in finite difference form,

Points involved are as shown in Fig. 2,12, It is presumed
that & S; 6 g and 9Q have besn calculated previously,

By applying the finite difference equation (2,14) to points
Ty Sy R and Q, @ , may be found; thus

6= (1-28-b81)6g + (65 +6p)B .
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Fige 2.73s Convergence of finive aifference soiutidn,



£>U is then computed by applying the boundary condition with a

forvard difference for 38 ;

| | OK
via, | LQ = 9__7' _:__.__.9“ ’
X D>

and from (2,7),

6r-6y - - Ot ,
D

thuis

Qu = 91- + Obxt

b

or mcre generally, for the jth ToW,

90,5 =6, + 0% btj . (2.15)

2,12.3 Start of calculation,

The initial ccndition is represented by the firs:t (1 = 0)
row, Thus the temperature at grid points in the first row are set
to zero, The first nonezero temperature is at the grid point i = G,

j = 1 and can be computed by substituting these values of i and j in
equation (2,15)

6945| = Obstnorx .

Re13e4 Stabilit d convergence of calculation

A marching t}pe of solution is deemed “sonditionally™
stable, .= The condition for a stable soluticn is that

/.’: = Cab whera /5 = £ Q__E e (2416)

Ax?

If this is satisfied, small errors introduced eithsr at the
bounda=ies or elsewhsre ars "washed out" as the solution prcgresses,
The convergence of the solution is illustrated in Fig, 2,13 which

shows numerical solutions with the same value of B , but with

32,
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different grid spacings, They converge towards the analytical
solution, It is possible to extrapolate the numerical solutionms
to give the analytical solution using an extrapclation based on

the square of the grid spacing,

VA The gnalytical .solut;on,

The following solution was contributed by Prof, D. Elliott,
~ Professcr of Applied Mathematics at the University of Tasmania, It
is given here for the sake of completeness and for coL_arison with
the finite difference éoljution.

The equations for O ps dropping the subscript, are

%% = « %:31 = bte ’ (2.17)

2%

@ >0 as x —» O

)

, (2,18)

at t =0, € =0 for all x.

The Laplace transform O (x, p) of O (x, t), with respect to t may

be written as fcllows 0o
— - Pt
o
It follzws from this definition that

[2!?-‘ = p 6 (x,p) ,

Pt
and .
S‘._Q = }: 5 (1, ‘>> ’
Y % Y
which, when substituted into equation (2,17) give
pO(xp) = L ¥ Gp) - b6G,p,
b

or rearranging;

>

Y6 = bsb g
g

«
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which is an ordinary differential equation of the second order

firgt degree and has the solution
-‘*b-&-P 2

_ ,@Lﬁ:}’ x
6 =APed T T Le(p)el
Now, one of the conditions in (2,18) is tha;t
@ 4+ 0O as X —» O

. thus /‘('r ) =

6 = E:(F) Q—Jb:ij >

Anothar conditi-n in (2,18) is

q.‘bx=C-, a__e_ =--Dt

9

s

and . (2419)

or more generally

20 - - p(E)

2,20
S > (2.20)

wkich on transfocrming becomes

g -
From (2,19) above we have
b+- .
17 . - e(p e
o

which, at X = ¢ becomes

26 - - e(p) [Rap

b
% oL
g5 that, with equation (2,21) we have

B(P) = J = [ﬂ(t)]

and corn substitution into equation (2419);

- O[T [l =,

which may be written

= OJ I[,(’(k)] I[%({)] , (2.22)

-bt - X

where % ({) e e 4ol
\/ﬂt

L 4
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By applying the convolution theorem to equatior (2,22) namely

(el e i [ U t%m §(t-du]

and ta.kmg the inverse traanorms of both sides, we have

)
: 9(3‘,ﬁ) 'OJZ - e s 4’1-/“{“ -eff-u) dw ;
- NS -

which, with 4€ (f-—“:)= t-w for a linearly increas:.ng current becomes

- “ w)
0(x ¢) = OJad (Bl < fact

J"

This expression is integrable by parts to give

o) = of(_ ~t)erf (bfE) ar T e

(t-w) ot .,

-bt
(2,23)

where e(o:t) is the temperature at the junction (X=0 ) and
bje

"be\/E) = 2 f e.“s is
Vi A |

2035 Predicted characterigtics.

It can be seen from the form of the equation (2,17) and
its solution, equation (2,23} that the temperature @ (0, t) at the
junction is dependent on the parameters ol , ¥ and b as well as
time T

However by slightly modifying the equations, it is possible
to reduce tha number of parameters so as to display the sclution in

graphical form with one parameter,

By making the substitution

= 0O
=

the bcundary condition becomss

?._é'-"—t ?

oXx
and the partial differential equation is

ii = o y’é:- - ‘;é'
d€ dx

> (2424)
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The paremeter A = r is seen to be dependent only on the
properties of the thermocouple material, Thus for a particular
thermocouple the variation of € p With time may be plotted as a
graph of ¢ = % é.gains‘t t with b° as a parameter (Fige 2414)e
Likeuise on substituting 4 = 7 into equation (2.10), we
obtain ¢ |
Woo —e -t  (2425)
W | |
and thus the variation of 6 5 can be shown as a plot of

against t with b2 as a parameter (Fig.225). The response of a
particular thermocouple to a linearly increasing current may
readily be i;ound by computing bz, finding the corresponding curves
for 4’ and '+ against t in figures 2,14 and 2.15 and then combin-
ing \)¢ + €+ to give the temperature of the thermocouple

junction at any time t..
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Fige 2.,14s Variation of parameter <f with time and
parameter b,
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Fige 2.15, Variation of parameter 4}' with time and
parameter b,

Thus cnce ? ’ '\}’ and b have .been determined for a particular

thermocouple, the mathematical model, or curves 2.14 and 2,15 in
the case of a linearly increasing current may be used to predict
the behaviour of the thermocouple for any particular cooling

current,

Regl T couple behaviour.

In order to determine how close the theory approximated
the real situation; a comparison was made between the behaviour
predicted by the above model, and the observed behaviour of a real
thermocouple, The experiment involved the use of a bridgs
circuit comprising three resistors and the thermocouple, (Fig. 2.5).
A current wave form was passed through the bridge while a sensitive
amplifier placed across the bridge detected the out—of-balance

potential resulting from the change in thermocouple temperaturs,
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A_disadVaﬁtage of thisvsystam was the difficulty encountered

in balancing the tridge, Small D.C. currents used to balance the

_bridge either introduced a potential due to the Peltier effect in the

thermocouple or produced out-of-balance potentials across the bridge
too small to be detected by the amplifier, Potential across the

bridge during balancing also tended to be lost in thermocoupie

potentials resulting from air temperature fluctuations, The effect

of a very small bridge unbalance is significant; with a typical
cooling current of 10 mA., the expected change in thermocouple

temperature is about 4 degC giving rise to a potential across the

amplifier of around 0,12 mV, This potential could as well be caused

by a bridge unbalance of 0,01 ohm, which is only 0,02% of the
resistance of a typical thermocouéle. Thus it was necessary, in
the presentation of the'experimentél results to assume that the
potential across the amplifier includes a potential directly pro~
‘portional to the current, resulting from ﬁhe‘bridge unbal#nce, in
addition to that fesulting froﬁ the cooling of the thermocouple; |
The magnifude of the bridge unbalance is inferred from the expefi—
mental results, there being.only‘one value of the bridge unbalance

which gives reasonabls fit of the experiment to the theory.

2417 Mgnufacture of thermocouples.
The method used is basically that described in section 2,5

above, Wires were producéd by drawing glass‘containing the metal,
then etching away the glass with hydrofluoric acid, Wires of
bismith and a bismuth with 5% tin alloy with dismeters from ,0005
to .003 inches were produced, Rather than soldering and resiste
ance welding the wires to form ﬁhermocbuples as described above, it
was found that a silver conducting paint (DAG 915 Acheson Colloids
Ltd,) produced a neater junction and was easier to use.  Several

thermocouples with different wire diameters and different lengths
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were made, All responded in a similar manner when cooled as is
described below, Two were subjected to an extensive examination

and their behaviour compared with that predicted by the theory,

2218 The Experiment.

A thermocouple was set up in a miniature closed circuit
wind tunnel (Figs, 2,16, 2,17) in air with a velocity of 0.61m/s.
A linearly increasing or ramp current, supplied from a "Servomex
Waveform Generator" was applied to the bridge circuit, A
sensitive A.C, differential amplifier.(Tektronix 2861) coupled to
an oscilloscope and camera was used to record the potential appear;
ing across the bridge, Typical currents used were zero to between

3mA and 15mA in about 100 milli-seconds,
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Fige 2,17, Miniature closed circuit wind tunnel (photo).

2 Comparison with theory,

A comparison of the theory with the experimental results
is given in Fig, 2,18, This shows potential - time curves for
various ramp currents as recorded by the oscilloscope camera as well
as a set of potential - time curves for the same currents, calculated
from the expressions for the time variation of junction temperature
derived in section 2,14 above, The results are presented as
potential~time curves rather than temperature - time curves as the
latter involves the difference of two relatively large quantities,
the recorded potential and the potential arising from the bridge
unbalance,

The equations describing the behaviour of a Peltier cooled
thermocouple (equations (2,13) and (2,23)) contain four parameters

A ’ b ’ Z s and 0 expressed as follows;

A"'_&\_ 3 bz_="l ’
fc Afc
L =TI r and O= API .

v

-
e
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These parameters were computed from the data given in Reference

. , -z .
20, viz, & - 8.4 W ' dea P = 2.96x10 Vaf oC
| 9 .

2.

r = 9 8x l'O'g ﬁalms , T I-0bS ,“o"f" R-m,
C = ;.2‘3-,”(; TI&% de% R \= 045 .

The value of N , the surface heat transfer coefficient was calcul-

ated from data in the Internatiorial Critical Tables (Ref, 25).

Data pertinent to the thermocouples tested is as follows

Thermocouvple 1. Thermocouple 2.
o 7% 107" m 3.93%10°° m
A 227 % IO.@ m 21 x 167 m
o 535 xno‘sm 123 X 10
v 06l m|s | 023 mls
h 3-82#:0‘ W’M‘d% l-oé:mozw,m‘deﬁ

TEMPERATURE (degC)

I

30 40 50 60 70
TIME (milliseconds)

-F:'-.g-. 2.18, Variation of thermocouple temperature with time
for various values of cooling current ramp slope.
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There are several possibie reasons for the discrepancies between

the theory and the experiment, The effect of the additional heat
capacity at the junction due to the blob of metal and wire ends
resulting from the weld is not included, One of the thermocouple
metals may diffuse into the other resulting in a region of finite
length cver which the Peltier effect is manifested, There may also
be significant two-dimensional effects in the simple geometry of two
butting cylinders due to the presence of radial as well as longitud-
inal heat flux, It is also quiﬁe probable that the surface heat
transfer coefficient,h,varies both over the surface of the wire and

with temperature and time,

2220 Behaviour of moist gir,

The presence or absence of moisture on the wire is readily
taken into account by the appropriate choice of the parameter b,
There is some hope that values of the surface heat transfer'co-
efficient may bs inferred from psychrometric data, Work by Wylie
(Ref, 26) and Powell (Ref, 27) shows that, as the diameter of an
ordinary wet bulb is decreased, the threshold above which the effect
of air velocity is negligible is reduced and the wet-bulb depression
approaches the temperature of adiabatic saturation, or the "ideal"
wet=bulb temperature, Likewise as the thickness of the muslin
covering the junction is reduced, the wet-bulb depression approaches
the ideal, Thus it is reasonable to assume that data from a stand-
ard hydrometer can be applied to the thermocouple psychrometer, The
empirical data of Powell (Ref, 6) would seem to be the best estimate

of the surface heat transfer coefficient,

i.e, Heat transfer by convection,

. o-sh - |
he [2-1 -~ szcvcl) s],‘ o W/m’des o (2.20)
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and Heat transfer by evaporation;

fd = 172210°(vaY L (h=B) | (2.27)

where L is latent heat of vaporisation,
and(Pw-h}Ls the difference between the water vapour pressure of

the ambient air and the saturated vapour pressure at

the temperature of the wet bulb,
The effect of condensation on the variation of the junction temper~
ature is illustrated in Figure'2.19. Two curves are shown, One
has a constant value bf the surfﬁce heat coefficient (corresponding
to a dry wire), The other has two values of M , The first is
applied at temperatures above an arbitrarily chosen dewpoint,.the
second is applied to temperatures below this dewpoint and cérresponds

to a wet thermocouple,
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Flge2+1% Effect of condensation on thermocouple output,

2423 Regson for abandoning the pfog;egsive cooling method.

The reason for not pursuing the method c¢i progressive

cooling is best illustrated by Figure 2,19, It can bs seen that,



- dus to the incipient nature of the onset bf»condensa.tion, there is
no marked change in the thermocouple 'temperatmrfe at the déwpoint.

It was thought that suitable differentiating circuitry would
accentuate the change, but in view of the limitation of the method
to use in high humidities imposed by the relatively small cooling
obtainable with conventional thermocouple materials, thié approach
was not followed up, It may be; that with semiconductor thermo-
electric. materials, at least thé last mentioned cbjection could be
overcome, bub in view of the success with the rather simpier method
de;cribed in the following chapter, ths methcds using a thsfmccouple

as a dewpcint instrument wers abandoned,
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CHAPTER 3

In this chapter, the method used to measure humidity with-

" in & boundary layer is described. The efficacy of the successful
method - the~"thérmocouple psyéhrometer“ ~ is discussed with refer-
ence to various published works on thermocouples and psychrometers,
The mathematical models of the thermocouple psychrometer, included as
Appendix iII, are outlined, Two methods of calibrating the thermo-
couple psychrometer, firstly by the measurement of the SeeBeck co-
efficient of the junction, and secondly an in situ calibrétion as

a psychromeﬁer, are described, Part of this chapter'haé bean

published as reference 2,

3.1 The thermocouple psychrometer.

The limited success of the dewpoint hethods led to a
revaluation of the whole technigue, The desirable features of
thermocouple ps&chrometry, namely the small size and the lack of
'hysteresis at high humidities, supported the original choicé of a
thermocouple psychrometer, The difficulties which proved insurmount-
able with the pulsed cooling methods were the smali degree of cooling
obtainable and the dependence of the meﬁhod on the identification
of the dewpoint. This latter objection is cvercome if, instead
of the dewpoint temperature, the wet bulb depression is measured,
This necessitates working with a constantly wet thermocoupls, The
requirement of a wet thermocouple then enables the first objection
to be overcome as, in boundary layer work, there is always a region
of high humidity close to the evaporation surface in which the degree
of Peltier cooling obtainable enables the junction to be wet.

This, then,'is the basis cf the successful method of humidity
measurement within a mass transfer boundary layer. The thermocouple
used is as describéd in section 2.177. -The thermocouple junction is
broﬁght info t£e region of high humidity close to the evaporating
surface, The junction is cooled by passing a current (about 3 mA,)

" through the thermocouple in order to condense water on the junction,
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The cooling current is discontinued, the thermocouple is switched
intc a potential measuring circuit, and then traversed through the
boundary layer, Time available for the traverse before the
junction dries is about 10 seconds,

A complication arises in that the temperature indicated
by the thermocouple is relative to the so=called "ecld~-junction"
temperature of the thermoelectric circuit, The "esld-junction"
or better, the "other-junction", as in this case it is at a higher
temperature than the wet thermocouple junction, is effectively at
the junctions of the thermocouple wires with the copper supports,
Because these points move through temperature gradients in the
boundary layer, potentials additional to that from the wet junction
appear in the thermoelectric circuit, These additicnal potentials
are measured by repeating the thermocouple traverse through the
boundary layer with the thermocouple junction dry, The difference
between the potential generated in the thermoelectric circuit during
the traverses with the junction wet and the potential generated
during the traverse with the junction dry gives the wet bulb
depr;ssicn temperature through the boundary layer, Figure 3,1
shows a typical photograph of the thermocouple output with the
junction wet; figure 3.2 is the photograph taken immediately after

with the junction dry,

Fige 3¢7e« Respcnse of thermocouple psychrometsr with

ezl ok .
W3O JWncuL e
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Fige 342. Response of thermocouple psychrometer with
dry junction,

The thermocouple is traversed through the boundary layer
with the moter driven device sketched in figure 3.3, Incorperated
in the device is a transducer which cutputs electrical pulses as
the prcbe passes levels above the plate at intervals of 127 microns
(4005 inches), This makes possible the location of the probe even
when accelerating at the start of a traverse, The cutput potentials
from the thermocouple and displacement transducer are displayed and
photographel on an oscilloscope, (Tektronix type 564 storage C.R.0.)
A D.C, operational amplifier (Philbrick type P65A) with a gain of 1000
i3 used to match the output of the thermocouple to the oscilluscope,

Tre length of time that the thermocouple junction is cooled
determines the amount cf water condensed on the juncticn and thus
the time available for a traverse before the junction dries,

Figure 3,/ shouws the effect on the thermocouple output of varicus

cooling durations,
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322 The efficacy of the thermocouple psychrometar.
There is perhaps a need to establish that the cutput cof

the thermoccuple psychrometei'gives a true measure cof the wst
bulb depression, The term "wet bulb depressicn' needs scme
clari.ficatioﬁ. A distinction is made betwsen the temperature
of the wet bulb of a properiy constructed psychrometer (whether
sling, aspirated, etc,) and the so called "thermodynamic wsb
bulb temperaturs" or more strictiy the temperature of adiabatic
saturaticn, (Refe 28)s A theoretical psychrometer ccnstant

A,ca.n be defined in terms of the temperature of adiabatic

48,



saturation by the expression

s
A L /es -e ,
P T‘—-r‘?s

where P is the total pressure of the air-water vapour

o = (301)

mixture,
€ is the partial pressure of the water vapcur at
the temperature of adiabatic saturaticn,
e is the partial pfessu.re of the water va.péu.r at
. - the "dry bulb" temperature,

Ts is the temperature of adisbatic saturation,

and T  is the "dry bulb" temperature,

Ths psychrometer constant Ao has the value A, = 0,0006465 (degC’1).
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Fige 3ele Effect of éooling time on respornse cf a
. thermocouple psychrcemeter,

It appears that, with well ventilated psychrometers giving
turbulent flow over the wick, the measured wet bulb temperature is
very close to the temperature of adiabatic saturation, Work of
Montieth and Owen (Ref, 21) on wet thermocouples gave psychrometer
-1

constants ranging from 0,000615 degC™  tc 0,000624 degC".] over the

49,
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range of air speeds 0,1 to 3.0 m.S-1 and wet tulb element dia, 0,01
to 0.5 em.  Wylie (Ref. 26), ﬁéiﬁg’ thérmocouple bulbs of various
diameters covered with wicks; presénted a figure showing the
varisticn with air speed of a Fatio ek , the ratio of the wet
bulb depression of a particular {Hez‘mocouple to the depression

of & "standard" thermometer psychrometer with a buldb 3.0 mm. in
diameter, vertiiated at 30 #i8™ ¢ Wylfe's results show that for
a wet thermocouple element less than 1.0 mm in diameter, the least
value of & was 0494 in still a:r,wh:.le in the range of air speeds
1te 3 mS';1,ﬁ oL was in‘ the range 0,997 to 1,005, The smaller the
digmster of the wet bulb elemént, the closer the values of &

approached unity,

Powell published similar conclusions in Reference 27,
Powell found that as the diameter of the wét bulb element is
decreased, so also does the threshold below which the ventilation
rate is significant, = The wet bulb depression in still air of a
0,012 nm, dia, thermocouple was 98.4% of the depression when fully
ventilated, The ratic of wet bulb deprbs’s:ion in still air to
that when fully ventilated tended to umty linearly with the squave
root of the thermocouple diameter, The output of a fully
var.lilated thermocouple psychrometer 040712 ﬁ. in diameter was
fourd by Powall to be within 1% of that of a fully ventilatsi

thermometer psychrometer.-

A rather different approach is that of Fuchs (Refs 29)
whe, in measuring evaporation rates of water droplets, uéed
thermocouples to measure temperature within the droplets, Fuchs
maintains that heat conduction along the thermocouple wires has
an important effect on the thermocouple junction tem;;eratu::'e 3
hewever, the thickness of the filr of water on the junction in

Fuchs® case is rather grestér than for thermocouple psychrometers,




The steady state heat transfer ﬁrocesses associated with
the evaporation of water from a vet*thsrmoéouple can be déséribed
" as follows:~ The heat flux associated with the phase change of the
evaporating water is balanced by heat convected to the junction
from the surrounding air stream and conducted along the thermo-
couple wires, The tempéfature of the thermocouple varies so as
to maintain the balance between these heatifluxes.’ The:reﬁlA
situation is complicated by the transient éffect of the water
being evaporated from the thermocouple and not replacéd. An
attempt was made to compute a psychrometer constant for the thermo~
couple psychrometer using various empirical data., Rather than
try to incorporate the rather complicated geometry of the junction,
two models chosen for simplicity of analysis and having simplar‘
geometries which approximate the real situation were used as the
‘basis for the calculstion, The first model assumes that the wet
junction can be described as a éphere of water approxiﬁately the
same size as the junction supported on the two thermocouple wires,
and that the wires outside the water droplet are dry, There is
no tempefature gradient within.the sphere and across the wires; the
supports are at the dry bulb temperature;'and heat is ponvected to
‘the wires and droplet as well as being conducted along the wires,

The second model assums that the wires are butt jointed
and covered uniformly with water to a distance from the junction
corresponding to the length of the thermocouple wires which reached
the dewpoint temperature of the surrounding air during the Peltier
cooling of the junction,

No attempt is made in either model to take into account ths
transient effect of the net flux of water from the junction, It
is essumed that the mass of water evaporated is insignificant

compared with the mass of water on the junction., In other words,

the calculation is only applicable for a short time after the cooling

current is cut off,

51e
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The calculations are given in detail as Appendix III, The
psychromster constants of the two models are ,00059 degC"1' for the

water droplet case and ,00045 d.egC"1 for the wet wire case.

3.3 Cal ibx;gtigg.

Provided there is no current flowing in the thermocouple,
that is, providéd a potentiometric method of measuring the thermo-
electfic potential is used, the potential apl;earing between the

thermocouple support wires is given by;
V= Tadap +Tjdbe + To dea » (3,2

where Ta is the temperatuz;e of the Cu-Bi connection,
T is the temperature of the Cu-BiSn connection,
T4 is the temperature of the Bi-BiSn junction,
d ab is the thermoelectric potential of Cu w.r. to Bi,
oLbc, is the thermbelect.ric potential of Bi w.r. to B:LSn,
and J«,, is the ﬁhemoelectric potential of BiSn w.Ts to Cu,

Which provided T‘Lz Tb and substituting ol.g,;u(,_b = -'clbf_ becomes

V= dbe (Ty-Ta) (3.3)

That is, the potential appearing across the thermocouple is directly
proportional to the difference between the temperatures of the junct-
ion and the embient air, and the Seebeck coefficient of the junction,
The thermocouple or Seebeck coefficient Jb‘is usually defined in
terms of the potential developed in & closed circuit of two different
" metals when the junctions of those metals are held at different
temperatures,

In order to msasure this coefficient, it is necessary to
have two junctions at different measurable temperatures, This is
Arather difficult when short lengths of wire are involved as is the
case with the bismuth and bismuth-tin alloy wires used in the thermo-
couple psychrometer. The method of manufacture and brittleness of

the wires precludes lengths over about two centimetres.
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Fig. 3.5 Calibrations of two thermocouples,

Thus it is necessary to adopt a transient methed of measur~
ing the Seebeck coefficient, A single junction of bismuth and the
bismuth-tin alloy was prepared and mounted as for the thermocoupls
psychrometer on relatively stout copper wires, The calibration was
made by rapidly dipping the junction (but not the supports) into a
stirred water bath at various temperatures, The output of the
thermocouple under this conditions rose rapidly to the recorded
value then fell slowly as the temperature of the>supports approached
the bath temperature, Two calibrations made in this manner are
shown as figure 3.5. Figure 3.6 shows a typical thermocouple output
when dipped into the water bath, The horizontal time scale is 10

milliseconds/div,
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There are two possible sources of error in measuring
humidity with a thermocouple psychrometer, The first is the
uncertainty that the junction temperature is close to the
temperature of adiabatic saturation; the second arises from the
difficulty in measuring the thermoelectric potential of short
lengths of wire,

Perhaps the most satisfactory way of taking these un~
certainties into account is to use the wet bulb depression of
the air outside the boundary layer to give a one point in situ
calibration, The alternative, that of measuring the thermo-
electric potential of longer thermocouple wires from the same
batch and assuming that the temperature of the junction is at
the temperature of adiabatic saturation when wet, gives rather

less consistent results than the in situ calibration,

Fige 3.6 Variation of thermocouple output when junction
is dipped rapidly in water,.

YA Conclugion.

With the development of a method of measuring humidity

within a boundary layer, one of the aims of the project is realised.

5he



The development was reported in reference 2, togefher with a single
measurement of the concentration profile above a flat wet plate in
a laminar air stream, This was followed by the detailed experi-

| mental and ﬁheoretical study of the laminar flat plate‘bdundary

layer described in the follewing three chapters.

55¢
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CHAPTER 4

This chapter describes the measurement of velocity,
temperature and humidity profiles in the laminar boundary layer
above a flat wet plate. The results are presented non~dimensionally

so as to correlate measurements made under differing conditions,

Lal Generation of g mass transfer bbungggz layer.

A mass transfer boundary lsyer was set up by evaporating
water through a 50% porosity sintered bronze plate, The plate
(15 cm wide and 61 cm long) was set flush with the bottom of the
working section of an open ended wind tunnel with a working éross
section 23 cm, square and 1 m, long (Figs. 4.1, 4.2). Water supply
to the porous plate was by gravity feed to a reservpir below the
plate, During a run, sdditional water was supplied to a feeder
reservoir; connecting with and at the same level as the reservoir
below the plate, The water level in the feeder reservoir was held
to within 1 nm, of a hook gauge set at the same height as the plate

surface,

15 12" 36" 26 30" 5.‘424\
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Fig, Le1l.  Open-ended wind tunnel (diagram),



Fige 4e2e Open-ended wind tunnel (photo).

Humidity and temperature of the air outside the boundary
layer were measured with wet and dry bulb thermometers in the
working section and a sling psychrometer at the tunnel entrance,
The temperature of the wet plate was found from a copper-constantan
thermocouple peened into the plate, Velocities of the bulk air
flow in the tunnel were measured with a vane anemometer which was
calibrated against the hot wire anemometer used for boundary layer
velosiny measurements,

When examined under a microscope the sintered bronze
plate has the appearance of loosely packed spheres, each about 200
microns in diameter, When wet, the water surface is held by
surface tension close to the tops of the spheres and presents toc

the air stream a flat, slightly undulating surface,
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Air velocities within the boundary layer above the wet
plate were measured using the well known technique of hot wire
anemometry (Ref, 30)s The wire used was of tungsten, 8 microns
in diameter and about 0,5 cm, long, A "DISA® anemometer type
55A01 provided constant wire temperature operation, The hot
wire prcbe was moved through the boundary layer by a hand operated
micrometer screw traverse, The hot wire anemometer was calibrated
against a standard pitot~static tube with a Betz micro anemometer
at velocities between 1,5 and 10 mS"1. King's Law (Ref, 31) was
used to extrapolate the calibration to the low velocities within

the boundary layer,

bal Megguremexit of tempergture within t"ne boundary .;nger.

The temperature within the boundary layer was measured: with
the same traverse a.nd tungsten wire probe used for the velocity
measurement, but with a small current (2 mA.) through the wire so
that the wire functioned as a resistance thermometer, A simple
resistance bridge with nulling galvanometer was used to measure the
wire resistance, The temperature resistance coefficient of the
ﬁungsten wire was found by calibrating the probe against the thermo-
meter in an oil bath, Individual wires were calibrated at one
temperature in the air outside the boundary layer in the wind
tunnel immediately before use, using the value of the temperature

resistance coefficient determined from the full calibration,

dnds - Seguénce of megsurements,

Associated with each measurement there was a calibration,
It was usmal %o calibrate a hot wire probe for velocity in another
small »ecirculating wind tunnel, move the probe fo the humidity
tunnel and measure velocity 'prbfilés at various stations along
the plate and various air velocities. The saine probe was then
used for temperature measurement being calibrated in situ by the

method described in section 43. Finally the thermocouple
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psychrometer and associated circuitry was set up and used tol
measure the wet bulb temperature distribution across the boundary
layer,

In each case the wall position was located relative to
the probe by carefully bringing the probe up to the wall until
electrical contact was made between the probe and the wall;

To obtain steady conditions in the boundary layer, it was
necessary to run the wind tunnel for several hours at the same
spsed before each measurement, Thus the traverses of velocity,
temperature and humidity at each station were made on different
days and consequently with different ambient air and wet plate
temperatures, These differences were taken into account by -
expressing the velocity, temperature and humidity in nor~dimensilonal
form, described in section 445

In order tc obtain at least one set of mutually consiétent
tra\}erses, a series cf measurements at the samé staticn and air
speéd comprising a velocity traverse, a temperature traverse, a wet
bulb depression traversé and a further velocity traverse was cari'ied

out in under three hours with nearly constant ambient conditions,
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A._ ) Exp e:@ ental Results,
4.5.1 Velocity Profileg.

The measurements of velocity in the mass transfer boundary
lgyer are shown in figurass 4e3; 4e4d, 4e5. The profiles presented
have been corrected for the proximity to a solid boundary using the
method of Wills (Ref, 32), Velocities in the boundary layer are
presented as the non-dimensional ratio %ﬂ where @ j.s the local
velocity and U‘,° is the velocity of the bulk flow cutside the
boundary layer, ' Non-~dimensional velocity is plotted against the

non~dimensional distance parameter

= 4 |
rl,‘, = G ) o (4e1)

where % 1is the distance from the wet plate,
and Q. is the momentum thickness of the profile,

defined by the expression;
o0

A coiuparison is made in figure 4.3 between a velocity
profile measured with thé plate wet, a velocity profile measurea
at the same station and same (laminar) velocity with the plate
dry, and the well known solution attributed to Blasius (Ref. 33)
for the laminar velocity profile over a flat plate with zero |

pressure gradient,

hebHel Tempergture Profiles.

The measurements of temperature in the mass transfer
boundary layer are shown in figures .6, 4.7, 4.8. Temperaturs
is expressed as the non~dimensional ratioc

6 = T—-Tw

Too — Tw
where Tw is the plate temperature,

(4e3)

T is the temperature within the bourdary layer,

and T;, is the temperature outside the boundary layer,
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Fige 4e5e Velocity profiles 0,267 m downstream from ,
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Non~dimensional temperature is plotted against the non-dimensionsl

distance parameter

4
']t -6 (4e4)

with Ot defined by the expression

B =j9(l-‘9)dcé/ ’ (445)

o
where *g is the distance from the wet plate,

The non~dimensional distance parameter Bt can be thought
of as the analogue of the momentum thickness 94, used in section
Le5.1 to represent the distance in the boundary layer, The reason
for choosing these second order integrals in preference to .the

simpler displacement thickness
o
U
S=f("‘2);)d<g ’ (446)

and the temperature displacement thickness

Sf=f(:-9)d‘3, , (47

i$ that the "momentum type" parameters Qt and € place less emphasis
on measurements close to the wall and at the edge of the boundary

layer, and so lead to a better correlation,
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-
Fige 4e6e Temperature profiles U, 147 m downstreain irom
leading edge of wet plate.
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Fige 4e7e Temperature profiles 0,203 m downstream from
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Fig, 4e8s Temperature profiles 0,267 m downstream from

leading edge of wet plate,
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4e503  Humidity Profileg,
Humidity profiles were measured by the method described
in Chapter 3.
| The variation of humidity through the boundary layer is
shown in figures 4,9 and 4,10 as a plot of non-dimensional wet

bulb depression ratio ¢ against the parameter

U

where % 1is the distance from the wet plate,

and er is the velocity of the bulk flow,

. The non—dimensional wet bulb temperature ratio ¢ is defined as the
ratio of the wet bulb depression within the boundary layer to the
wet bulb depression of the bulk flow outside the boundary layer.

The reason for using the rather inconvenient dimensional quantity
9\[6;0 é.s the absissa is because of the scatter of the profiles
near to the wall, The use of a dimensionless distance parametef

as for the velocity and temperature profiles would place unwarranted

emphasis on the measurements close to the wet plate,
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Fig, 49 Webt bulb depression ratio profile ,147 m
downstream from leading edge of wet plate,
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Fige 4e10s Wet bulb depression ratio 0,267 m downstream
from leading edge of wet plats,

Wet bulb tewmperature ratio was used rather than, say,
absolute humidity because of the uncertainty of the temperature
distribution within the beundary layer at the time of the humidity
traverse, Temperature distributions were measured on different
days with consequently different plate and embient temperatures,
However one set of velocity, temperature and humidity msasure-
ments was mads on the same day with ressonably constant conditions
and for this case the specific huxﬁidity profile, calculated from
the wet bulb depression and temperature profiles is shown in
Figurs 4.11, The corresponding velocity and temperatura

profiles are shown in Figures 4.12 end 4«13, The non~dimensional

65,
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parameter used to express specific humidity in Figure 4«11 is

~ given by

M= Y-%w
%o"‘?/w

where QV is the specific humidity within the boundary

’ (4e8)

layer,
a,lw is the specific humidity adjacent to the wet
plate,

and . 9/ is the specific humidity of the tulk flow.
0
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R

A
1
|
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N

| | |

.04 .08 A2 16
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o

Fige 4e11, Humidity profile 0,147 m downstream from
leading edge of wet plate,
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The points plotted in the figures of the velocity and
temperature profiles are as measured without "smoothing", except
that wall corrections (section 4.5.1) have been made to the
velocity profiles, The points plottad on the humidity profiles
have been scaled from photographs such as Figures 3,1 and 3,2
and are thus arbitrary in that they represent a continuous curve,

Comment on the measurements and a comparison with the

profiles predicted by various models appears in Chapter 6,

68,



CHAPTER 5

Two mathematical models of the laminar boundary layer
above a flat wet plate are presented in this chapter, The first
model is based on the familiar two-dimensional partial differential
boundary. layer equations and is solved for the boundary conditions
appropriate to a flat wet plate by reducing the equations to ordinary
differential form and then computing boundary layer,profiles by
finite difference techniques. The second model is an approximate
integral method based on fitting an approximate expression ﬁo the -
measured velocity profile, A

The reduction to ordinary differential form of the partial
~differential boundary layer equations foilowé the general method
used by Oliver (Ref, 34) and also by Brown (Ref, 35) for thermal
boundary layers, What can be claimed fo be original is the
extension of the reduction to mass transfer boundary layers and
the inclusion of fluid property variation. The form of the finite
difference solution and the computer program are dus. to the author,
although the technique of using finite differences to solve

differential equations is well established,

Dal Thecretical calculgtion of heat, maég and momentum
boundary layers over a flat wet plate,

Tte partial differential equations describing two dimen-
siongl steady state convective heat mass and momentum transfer in
laminar flow are deduced from the general three-dmensional (Navier-
Stokes) equations of momentum épnserva'tion together with energy and
diffusive mass transfer balances, The squations have besn
presented by various authors (Refs. 36, 10) and are here quoted in
full, All the moist air properties f s Cps & &/Ub vary in both
directions X and ta, o No body forces or mass and heat sdux;ces

are included, Boundary layer analysis neglects changes in W in
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the X direction as being neuligible compared with the changes in ~

“ in the tz direction, In addition the second derivative. 5 w

>x?*
is negligible compared with %_&t o The required equations. arei-
3 _
. Continuity Equation:
dfw o XN _ o, | (541)
X dy

Momentum Equation:

“'&*‘U’&:-

13p \ |

Energy Equations

X o 3CeT o ) (kDT e wdb (s
(o AT+ f gl = .%( L)/~(§*§;) «2b, (5.9

Diffusion Equation:

“ MY oy 2 2038) L 3 0E) L
Dx DYy 3y Y ‘o'x

A symbols have their usual meaning except 4, which represents.

the specific humidity of water wvapour in air,

Several terms in these equations are neglibible in the
case of evaporation of watef into air from a flat surface at near
transitional air velocities, The viscous friction term in equation

2 :
(5.3) ,/~ (?..‘_*5 , 1s only significant in viscosity dominated
™
situations such as flow in oil bearingse The along-the-plate
diffusion term, (D 20y ) in equation (5.4) is negliigible when

x ¥X
compared with the perpendicular-to-the~plate term é_(b W)

¥ Y
5e¢1e1 Simplified zero pressure gradient equations. |
For the purpcsss of obtaining a solution te equations (5.1)
to (5e4) which most nearly represents the expsrimsntal (.onchtlons,
pressure gradient‘tems -—f %kx in equation (542) and W %‘ in
equation (5,4) have been neglected, It is shown in sections 5615

and 5,16 how the pressure terms and At.he other terms which have been

discarded may be included in the analysis,



The density of moist air, f at temperature T is calculated from

an expression given in reference 2?7 9 vize;

Pa' Mo = C1J -e-V"\a./ﬂ;.r]
RT { + r

where ¥  1s the mixing ratio of the moist air,
_P is the total pressure of the moist air,
R is the gas constant,
'z 1s the specific volume of moist air at

- ',_

temperature T ’
M,y and M, are the molecular weights cf
water vapour and dry air respectively,
and € is a factor tabulated in Ref, 37 which
differs from unity by only about 5 parts
in 10000 at normal temperatures and

pressures,

o Ma
By substituting the values C = 1,0 and M 1,607 together

with equation (5,12) into equation (5,14) there results

f= o ()

which, with equation (5.13), gives

f = fu (.Li:..‘:_ r:) : (5.15)

%3 V1 o+ 6o

Equation (5.15) can be expressed in terms of the specific humidity

-

q/ by substituting the axpression

Y = ¥

— ’ (5.16)

-

giving

f = %(, _,,'0,607‘,‘/) ) (5417)

(5414)
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Thus the density of molst air can conveniently be expressed as a

function of ‘the non-dimensional témperatpre %. and humidity 1, by
f = -%—’ P("Y) ’ (5.18)

where P(‘}) = A o
’ =+ o-'bo7¢y

Viscogity.

A "semi-theoretical! tabulation of the viscosity of moist
air (Ref. 38) gives the variation with temperature and mole fraction
X The ﬁole fraction of water vepour in air is related to the

mixing ratio ¥ and the specific humidity Q/ by

X = r = e/

——

0622 +r 0622 ~ 0-3789,
The tabulated data is fitted over the range of mole

(5419)

ractions at near normal temperatures by the logarithmic type

expression

075, e
/"L =/AU % O "'0‘4‘73 x ) (5.20)
whers /M»w is the absolute viscosity of dry air at
temperaturs T, .
Equation (5,20) assumes a more convenient form on the substitution

of equation (5.19);

S = M %°'7?M(q,) ; (5.21)

{-697 )

where = e x
h M(@ ‘ (ro-o-473 (o.(,z.z—o-?ﬂs‘y)

Thermsl, Conductivity.

An expi'ession for the thermal conductivity of moist air
was cbtainad in a marmer similer to that for viscesity by fitting

a logarithmic expression tc tabulated data,



Reference 39 gives a table of the thermal conductivities
of moist air in terms of temperature and mole fraction, The

expression applicable to near normal temperatures is -

085 B33
=t w9 lo-o033bx )

which can be rewrittem in terms of specific humidity as -

_ %O“K(Oy)

’ » (5.22)

whers K ($> = [.l-o - 0-33b :]
0-612_.-0-3783,
Mass Diffusivity of Water Vapour into Air,
The variation of mass diffusivity of water vapour into

air, D s with temperature T is given by the expression (Ref, 40)
5/ '
y 2
D « T .
Thus, if D » is the mass diffusivity at the temperaturs

of the wall TN y D can be written in terms of % as -

. <
D= Dwg" . (5.23)

Specific Heat,

The variation of the specific heat of air with temperature
may be neglected as insignificant over the range of temperatures

used in the measurements,

Reference 41 gives the relation for the variation of

specific heat of moist air with 'kmmidity as e

C‘P = ..;__.;.T (Cpa_ “+ rCr.;-)

where CPo- is the specific heat of dry air (approx,
1,005kJ/kg deg),

and Cpe is the specific heat of water vapous

(zpproxe 14846 kJ/kg deg).

75



76,
In terms of 4,

Co = €(q) = qCp + U-9)Cpa . (s2)
Thus the variations in transport and thermodynamic prcperties with

temperature and humidity may be summarisod by the expressicns

- 07§

r:% P > /Lscs/u-w% M)
&.—.&u{ssl( , D=D~°é"s' s P (5.25)
and C‘,:C V

where P , M, K and C are all functions of the specific humidity
given by equations (5,18), (5421), (5422) and (5.24).

S5eteds Reducticn of the partiagl differentigl boundary lgxeg
) ggg" sions to ordinary form.

In order to satisfy the continuity equation (equation 5e1)
a stream function is defined by the expressiona - |

w = L Bg{/ .
v o= oL
o v (5.27)

Equations (5,9 and (5,18) give values of f and W in terms of & ,

a and @ , and on substitution into equations (5.26) and (5.27)
give

= % y+k
2 1 (5028)
Voo fw PC?) ' ) ’
and '
vo= - -——l—— w- . (5.29)
fw P(q) D |
Equation (5410}, viz,

q = 2 )_uio..
v | Ow
whan differentiated with respecyv %o (6 gives
i
);% = = %‘i ) (5430)



T

“and when differentiated with respect to X gives

- ‘z .9.2 (— ..‘_... = ...'.]... (s 31)
Ou \ 2%/ ~ 2 = ¢
When equations (5,28) and (5,30) are combined there results

f = ¥ &
P P2 VoV oLq

where P(%)J.S written more co’nveniently as P o

b4 (5032)

Equation (5.32) can be integrated while holding X constant to give

fw ,/!; Yo Vs J%E d"’} E, i5.3_'3)

which can be written as

= f,/* UV L (5.34)

so as to definé the integral I as _
¥

It is now possible to use equatiorn (5,29) to give an expression for
A in complete differential form, By differentiating equation

(5¢34) with respect to X there results :
1 fus Voo Ow 2 (xI) (5436)
dx 2 X% |
whick when substituted into equation (5,29) gives

v= - 3Wedn| T, JEAL B 5y
P L2/ 2 el

and wher. the values of ? from equation (5,35) and \_;l_ from
i’

equation (5,31) are inserted there rosults, after some rearrangement,

AT o= U,o'Ow [r‘-{: - % . (5.38)

The partial derivatives W ang D foliow directly
d% >
£ron ths definiticn of -‘! s (squation 5.8) togeshar with the
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values of }..1 and !.'.]. from equations (5.30)and (5.31);
S X |
thris -

e :uwé_f_ - 3" t_ = U.‘P_-‘g—ﬂ; (539)

and
)_E:-_Uaoﬂr. _"_(_‘_.__..L_)__& (5440)
¥y dn :
whers .f is used to denote °.L.'.$ o
ol

Tke second derivative 3. M }_B‘_* aspearing in the momentum
equation (equation 5.5) is expressed using equations (5421) and
(5440) as

b‘pr‘a = ( H ‘2&_{ w)
= fo u.,/'J,, &, (3714 PR
%

N

o715

which, with equation (5,30) for 31 gives, after rearranging,

%%
) W . U.od.
%#g_/:ix (

O‘IS'

Mf) . (5441)

Substituling aquations (Fe8), (5e18), (3438), (5e39), (5.47)

and (5.21) into the momentum equation

7% -S:b (’ bl-a -S:a ?
giras ,
Y u 0.., U -aT)Uok [Us
= % M U; O”M
which, with ‘0 /‘“ reduces to
s
o M £ ) , (5.42)

= d
_~I£ = 2 ;L_q(

that is, the momentum equation expressed in a complete differential

form,



e

The energy equation, (equation 5,6}, can be w»itter
w 3CeT +«r?>__eI kT (5.43)
% 29 f 3‘8 39
The term on the right hard side cf this equation an be
expressed in terms of /] by

LY BT _ 4+ 4 (kgqh_ﬁb'\

P29 29 € & o9 29
Substituting values of r $, T and _1 from equations
(5418)y (5422), (5.9) and (5,30) gives 2%

f%%“&'a g_PJ_F (FY Twa_?‘é_t‘%h‘)’

which simplifies to

085,
L3 KT = 3 kaTw Vo & (Ko %) (5e44)
f ¥y 2% bsP x Ow &
whers ¢z = 'g:jb R
L)
The terms on the left hand side of equation (5¢43) b._gf..r and
x

>—§- , are rewritten in terms of 1 and O by using equations
(5¢9)y (5430)5 (5431) and (5.24),
Lel = ‘*———-2-—( CaTedd o _Twl °L—(—-C-‘5); (5445)
dx rl % 2 X dn

and 3eT _ A (CaTw) 31 _ Tw W= dlca), (5.0
Y o n 2% VX JOouw -

Thus the energy equation can be expressed in complete

differential form by inserting equations (5.8), (5.38)y (5¢44),

(5445) and (5,46) into equation (5.43) to give

- '\ (€9, Bl (nf-a I) dc \I._JF;

Uof 1'.: q% oG nf- -91 b)) Ts Yo
o ‘ive—r (Jh. 3 (’k(

which simplifias to

-T oL_Q_%g) = 2(&:} ) & (K“‘ " (5447)




In & similar manner, the diffusion equation, (equation 5.8),
reduces to the complete différential equation

~_I4Pys _ ZD_y.Eé:(cgsoL?;?tb) . (5.48)

4N O 9 M 1 ‘

A ’significa.nt feature of the three ordinsry difi‘erential equations
(5042)y (5047) and (5.48) for the velocity, temperature and humidity
profiles is that they have the séme (parabolic) foerm as the ordinary
differentisl. equation for the laminar, two dimensional boundary layer

over a flat plate (Ref, 42), without heat or mass transfer, iz,

28« I{"= o .

This parabolic form is preserved, even though heat and mass
transfar and the varistion of fluid prcperties with temperaturs

and humidity is included in the anslysis, This greatly simplifies
the solution of the boundary layer equations as it makes possible

"similar" type sclutions. (Refe 43).

5ele5 Variagtior. of free stream velocity and pressure,
Functional forms of frae stream veiccity, tha' is with Voo
givon &ty

U = Up (x) ,

are related to the pressure in the boundary layar by Bernoulli's

squation

P+ L U, = comfant ,

or in differential form,
% = = [ Yo %ﬁ-’f ’ (5449)
asezming that [ lremains constant,

The pressure term in the momentum equation, _fL % is
sxpressed in terms of ¢ and U, using equations (S."..8) and (5.49)
by :

Ldb o D P U dUs .
F rNPg “dx (5.0




In general, the term Upd-_i_): in equation (5,50) is some
function of the streamwiseﬁis‘bance X ; then the "similar" nature
of the welocity profiles is lecst, Thé velocity, temperaturs and
. midity profiles are peculiar to the value of X, but it is still
possible to use the step-wise computation process outlined below
to find bour;dary layers at particular values of X ,

There is, however, a particulax functional form of the
froe stream velocity, the Falknef_ Skan flow (Rei‘. 44), which leads
to similar soluticns, The form of the distribution is

| m

U = const. x 5 , (5.51)

which, when substituted in equation (5,50) gives

Lab o~ fo mue
f oo P (,N g . (5652)

and when included with the cther terms of equation (5.2) from
oquations (5.8); (5418), (5.38), (5.39), (5.40) and (5.41) as was
done to cbbain equation (5.42) yields the momentum equation in

ccmplete differential form for Falkner Skan flow;

Tl 2 2 (aME)~2mba . .
‘F E[‘q % ‘g fw (5.53)

Similarly, the prsssure term u.}b in the enargy equation
’ X
(squation 5.3), on substituting values of W and _)_k from equations
X
(5.8) and (5.52}, becomes

2
Wi = = Unffomle |
e s
which, if included together with the other terms used in derive
equation (5,47) results in the energy equation in complete
differential form for Falkner Skan ficw;
: oss .
- T Alco) . 2ku &lkg g)-2 f’.°M(g__¥).(5.54)
dn fus Ow A1 f:l Tw
50146 Viscous friztion heagting term.
The viscous friction heating term (25)1 appearing in
be M ™
equation (5.3) is readily included by using the value of M+ from

equation (5.21) and the value of %“—:—a" from equation (5.,40).
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Thus,
%

) Y 015 3 '

w V)

s =f.a "M -‘§r_~‘€ : (5455)
On the substitution of equation (5,55) into the energy

équation, together with the other expressions used to derive

equation (5.47), the streamwise distance variable X disappears

leaving a complete differential form suitable for obtaining
"similar" profiles,

;) Finite di ffe,rence §g;ﬁtiog* of boundary layer equations,

Equations (5442) s (5447) and (5.,48) are the complete differ-
ential équations geverning convective mementum, heat and mass transfer
in a laminar boundary layer with zero pressure gradient and fluici
properties varying with temperature and khmd.dity. These equations
are applicable to various boundary geometries, by specifying initial
and boundary cénditi.ons on the velocity, temperature and humidity in
the boundany layer, |

The initial conditions applicable to a flat plate can be
stated in terms of the temperature, velocity and humidity of the

air adjacert to the plate surface,

Thoa ab rl-rz c , T”;Tw ar3 q = 1o, (5456)
W= o givig § = ©, (5457)
and Y = Yy s (5458)

where § g a0 T, are the specific humidity and tempsrature of the
air adjacent to the plate,
The. boundary conditions are in terms of the state of the

air in the free-stream remote from the plate;

Thus as fl-—v © . T—>T, and ‘3 = % ’ (5459)
U= U» > 'F= o, (5060)
ad Y= , (5.61)

whers T, U and q’n

and specific humidity in the air outside the boundary layer.,

are ths valuss of the temperature, velocity
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The boundary layei' equaiions are solved numerically after
being expressed in finite difference form so as to allcw a pro~
gressive or "mar-ching“ sélution. It g (%,W) represents one of
the three variables «f » % or q/ in the boundary layer equations
(5442), (5.47) and (5,48), then the complete derivatives witk respect

to q are written in finite difference form as follows; .
b _ §Lied - §[a-i] , (5.62)
an 2 h

where g[,i-ﬂ] ehz, ara tha values of ; at the discrete poinbs

')u(iu&h et q h :is the incremental length of the parameter
r] o Nested derivates appearing in the boundary layer equaticns

of the fcrm %" %ﬂ O%Ciq are represented by

£ «g\ = 4fali+1"(§[e0-404D- 4141 G

The dimersicniess integral function I is computed succéssively
through the boundary layer by expressing equation (5.35) in finite

difference form and integrating with the trapezcidal rule Yo give
ILiv) =T14) *{2[ J P{A/%[ﬂ +§fi-g P[L-f.\/%[iﬂlg h (.60

The boundamy layer equations (5.41), (5.47) and (5.48) are
transformad into finire diffarance equaticns by substituting equatbe
ions (5.6zi; (5.42) and (5.64)s The equaticns are rearranged t:

give g[i»*‘] in terms cf previously computed values,

A compliceaticn arises from the variation of air properties
with temperature and humidity. It transpires that values of §, [iad
and 5[7&‘“] are required for the calculation of ¥ [i"\] Abefore the
forms» values have baen computed, This necesslitatestwo caiculate
ions at each finite difference step. The first to pradict values
of W[‘-“"] and%["-*'\] , and the second, using these values, to
give corrscted values of f CL*\],%[“\-& and 1[“‘].
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The black diagram of the computer program is givar. as figure 5e1e

| READ DATA
o, Yo Tind, qw, gt x xr,xt foc.

Calculate constants and properties
at wet surface  Dw, mu, rho, kw, Sc etc.

|

Calculote first approximations to
Initial boundary layer siopes fl,Q) aqh.

I

Procedure Integrate (11,¢1, qi) = @

Frocedure works through the boundary layer in steps of h, ht and hr,
sterting et the wet surfece, sotisfying the boundcry layer cqumlom in finite
difterence form et each station.

2{12ext132[0)2x0,0; gl l1=gl; q(V)emql;

Loz amt 1 watil a1 do :
{TH 1 Aningl+-11; qimtzali-13; ficef[4); giizglid; qiimqli);
rn-!(i); Mitali(1); Ki=x(i); Cim:=C(i-1); Pimi={i-1);
QixPisgi/gl; Qimi=Pimeqin/ging

giUisgit 83
Tisal(4)snlfi=-17e{2i9Pi /gi+LinsPia/gin) ¢0,8%h;
At 0ogintl, 7 1=-1)/1;

Bind, 0%kwoK(i-1)ogintu,.85/mu/bt;
Loz J1=0,1 do
begin Kjrme, 00gl143110,750M(1+3) /Dy
Bitad, O0k-oK(14 J)eg(14+3) 1C, 85/m/ht;
204413 sa(2imo(1i=A) 4240 (AJ4A) I/ CAST1);
gipsagliel Jiz(gime(119Cim-B) +g10(BJeB) ) /(Bjel 1 oC( X H
gipUixgip?i, 03
CJintac3sP(i+3)/gip;
Qip 1=(QieC o (gipUigi ) -Qine(=-1i oCjogil) )/(C jogipUels); '
qlie171:Qipegip/P(144);

-
( 9[0]-Ti'\'11-1>0-0ll1\-)&- Modity g |

; FALSE

( a[r)- ant|> 0001 [cj)—-’-"—“‘—. Moaity qi |——e)
l FALSE

( 0[9]-0-0|> 0-002 TRUE Modity 11 ——.(:)
1 FALSE

PRINTOUT PROFILES

5

‘,u'r.putpr program for finits

™~ ~x . di. f
Fige 5e1e  Bleck diagram © laminar boundary layer

4: ffereance scluticn of
aquatiors



The boundary condnt:.ons (equations 5459, 5,60 and 5,61) are
met by a method of successive ad,]ustment of initial gradients,
Initially the three boundary layers are computed by assuming that
| the slope near the plate is equal to that of the classical solution
of Blasius, The solution is termn.nated at a sufficiently large
~ value of 7 and the computed values of f‘ % and %/ are
compared m.th their respe.,tlve valuss as specified by the boundary
. conditicns, The initial slfpe of the tempera‘mre boundary layer
is adjusted an_d the temperat-ure, humidity and velocity profiles are’
aéa;ir. coxputed, This précess of adjustment of initial gradients,
caiculation and cémpafison with bovmdary values contimues until in
turn the temperature, humidity and velocitj beundary conditions are

met,

Boundary ] ith different origins.

Ir many cases of practical mrtmce, the origins of the
velceity, temperature and humidity boundary layers dc nct -coincade,
This is the case with the wet plate used for the experimental part
of this project: the velocity %*xxdary layer starts some distance
upstream cf the témperature and humidity layers which affsctively
start at the leading edge of the wet plate, Thus a situation
arises in which the temperature and humidity'bommdary lagyers are
. growing within an already established velocity layer. In additicu
to the equations of mass, energy and momentum conservation, there
is the requirement that the mass and emergy ertering or leaving
the boundary layer must do so through the sclid boundary.. This

requirement is expressed mathematically by the eqﬁations T

J& (3‘\'/8‘33 d‘r-' = | jru. (CpT" éer”) ‘1‘3 ’ | (.5,65)

4o

and D(My 5‘3)‘*" = f‘*(‘l’ ﬂ/)d“b v (5.66)

o
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" 545 Approximate Integral Methods,

'fhe finité difference model of -the mass transfer boundary
_layer outlined above has as its starting point, the partial
dii‘ferentia.i boundary layer equations for laminar: flow éver a flat
plate. Suitable substitutions reduce the partial cl_ififarentia.l |
equations to ordinary differential qum; The ordinary aifferenti&l
- equations are expressed in finite differeﬁée foi'm anﬁ éolved numeric-
ally on a high‘speed. digitsl ébmﬁuﬁér.

It is poss’iblé to start a_.t a.rathez_' Higher 1éve1 by sélec‘t-—
ing a functional relation which appréidmates the vélo’cit-y distribut-
fon in the ‘bqunda.fy layer. By using this functional approximation
together with the integral bequati'ons relating thé momentum, mass and

energy fluxes across the boundary layer to the respective fluxes at

87.

the surface, it is possible to obtain useful estimates of the velocity,

temperature and humidity variations within the boundary layer.

Rohsencw and Choi (Ref, 45) chose the simple gnalytical
function,

w=03+29 . (5.68)
to approximate the.velocity distribution in the bouhdary layers,
By specifying that at 4 = $ |
U =Uo ond & = 0,  (5¢)
o‘«z«

the funcstion become s‘

4 3
R R YCRIC

whers €  is the thickness of the velocity boundary layer.
Equation (5,70) is used in the momentum integral equation (Ref, 46)

vizey g '
- = O 71
i,‘[('( f)ti‘g (’@%B‘a:o d (5.71)

to give the relation

6 45 = 140 2

& % 3 Up .2 | £,72)



which is integrated from O to X alcng the flat plate to give

§ = 4‘-64‘{9_2‘. | - (5473)

'Al comparison between the velocitj profile plotted from
equations (5,70) and (5.73), the similar proflle obta.i.ned from the
finite difference solution and the mesasursd proflle on which the
computed. profiles are based is shown in figure (5.2). The agreement
is not good, This is thought to be due to the variation of f;he

bulk flow velocity along the plate {a favourable pressure gradient),

LOp— ) .
z%‘; //../‘/6
oD / V4 O’//;:)
/ /_/
Ve ///
/‘:}/
- S
0y ] on
S Fo )= (E) n-re
Ej
>
)
v
il
i-':‘ MEASURED PROFILE
O
w
2z
5 (S
N /28 T R R R
/ _ ,
0 / 2 3 4 5 6
DIMENSIONLESS DISTANCE FROM PLATE f7

Fige 5426 Appro:d.inat.e and measured velocity profiles,

The emergy integral equation (Ref. 1..7) ’

ﬁ f ¢ CP(T-T >f fha = k ( o (5.74)

‘6’=°
prevides a method of estimating the thickness of the thermal



boundary layer, If the temperature distribution acress the

boundary layer is approximated by the expression:

3
0 = T=-Tw — L ) o (
— = 5475)
T -Tw ( > 2\3:)
where Sy is the thickness of the thermal boundary layer, then

the substitution of equations (5,70) and (5,75) intc equation (5.74)

gives

& [U“ $(% § zso$ )] = G

where $ = %

. 4 :
The 9 term is neglected, By substituting equations (5,72) and
(5473) into equatiom (5.76) and integrating along the plate from the
start of the thermal boundary layer at X = Xo there results;

5( - z.i;r . 1 - (5.77)
? I4Pr | -55)*

This enables G to be found,  The temperature profile thus
- determined from equation (5,75) is shown in figure 5,3 together with

the measured and computed profiles as before,

@
S

DIMENSIONLESS TEMPERATURE

I T I

0 / 2 3 4 5
DIMENSIONLESS DISTANCE FROM PLATE 1

Fige 5.3+ Measured and approximate temperature profiles,
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A precisely similar operation gives ‘the thickness of the
mmidity boundary layer Sm as

m - [
> 4 S

The hm.:.d.;ty profiles are ‘shown in flgure 5.4.

. (5.78)

It can be seen from flgw'es 562y 5¢3 and 5,4 that the
agreement between the approximate solutioﬁ, the finite differencs
solution? an‘d the measured profiles leaves someth.i.ng'to be desired,
The discrepancy betw;aen the approximate a:ﬁd ficite differencs
solution for the temperature proi'ile- is thought to be dus to the
small tempefature differeﬁcs betwsen the wet plate and the bulk air
flew (approximately 2 degC, for theselp_a.rticular measurements) .

This leads to a relatively small heat flux through the boundary

~ layer and an ﬂl—conditione& sol'ufion,' small va.éiations in the
profils shape give la.rge charges in the heat fiux through the
bomda;z'y 1&}’6"’ cocmpared mth the hea+ flux across the surface.

The dn.s¢repa.ncy betusan bcth theoreticsl solutions and .theA
measured resﬁlt's is due to pocr approximation to the velocity prbfile.
There is undoubtedly a dépa:r‘bure from the zers prossure é-wient
situation assumed .’.f.‘or the finite différence golution and it can be

seen that the chosen approximate velocity prefile is rather far from
the real profile (F:Lg. 5.2 Yo |

The first step towards mprov:mg the fit of the approximate
integral solution is to find a functional form of the velccity
p1~3£i.le which gives a reasonable fit tc the msasured profile,

Several averues are cpene, The Pclhausen distribution (Ref, 48)

vizs f= F(pd + Acly),
whare F(']\ = '2') - 2'\3 *-.')4’
G = 11 (\—.q)s

and a (5.79)

N & Uo

tm— ’

kS
v dx



9.

prcvidas for a variation in free stream velocity along the pl;te,
bat proved difficult to use with the integral equations (equa.tlons
5.71 and 5,74), |
Allowing the velocrby gradient at the wall +: vary along
the plate, and relaxing the boundary condition that the slope D%

. : )
is zero at tz::;s » leads tc a velocity distribution cf the form

= O- &)(%5 + KG%—) o (5.0)

This expression integrates to give a good fit to the
temperature profile, but overshcots badly in the velocity profile
and predicts a humidity profile in which the humidity increases

faster than linearly with distance from the plate,

[”/.0 O/of
- ayd
olg
P
T
n
IN\_ (9 -
5.6 AN ['= --'3*,(5) n—;(gn) n= 8
O
w
Q.
w
nld
)]
w
i
5
g..? '
V] /O
-
o ' 7 _ |
0 / 2 3 4 5r}

DIMENSIONLESS DISTANCE FROM PLATE

Fige 5.4e  Measured and approximate mmidity profiles.

The most satisfactory functional form of the velocity

distritution was found by the author to be

(n- \ )(% n._,X ) (5.81)
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It is possiblé to use the approximate profiies to predict
the heat and mass fluxes through £he plate, This could be done
by us:mg the derivatives: (b@\ and 5‘"\ at _the surface, but

as the fit of the approx1mate mnzggd is poo:;;:Inear the surface,
the derivative of the profile can be in error by a factor of 2 or
3« A much better approach ié to obtain the fluxes by taking the
differencas between fluxes obtained Ey integrating through the
bourdary layéis-at two étatibns a small distance apart. This
difference will be the mean flux through tha surface between the
two stations, The variations in heat and mass fluxes through the

surface along the plate is shown in flgures 6.6 and 6.., plotted .
from the flnlte differance solution, '

A great advantage of the approximate integral technique

is the ease with which an approximate solution can be fitted to

experimental data, To give as good a fit with the finite difference

solution, many computér‘calculations withbdifferent values of the
station distance ¥ and the pressure variation numbsr M would

be necessary.  Although there is no provisioh in the approximate

solution for variation of property temperatures with témperature and

humidity, the process of fitting an approximate functional form to

93.

the measured veloqity profile must to soﬁe_extent include the effects

of pro;erty varlatlon in the solution,

It is qplte 11kely that th:s, or a closely 51m11ar apprOXl~

mate integral technique, will apply to situations of transitional and

" turbulent air flow,

5.6 Conclusion.

The develoﬁment and solution of the models c¢f the mass
transfer boundary lafer aBove‘a flat plate enables a comparison to
be made between the measurements and theory, A philosophical
queﬁtion then arises in that should one use the measuremeﬂts to

check the theory or the theory to check the measurements?



fI'here 'a;r.e shofbéemings in the thecretical ﬁcdei as weli a8
in the mea;s;urements. The physical modei is a smo:thflat’ plate in
a 1am1nar ‘air stream wlth zero pxessure grad:.ent tha.t is, nc uhange
in bulk air velocity along the length of the plate. : In the real
situatior, of whleh meamemen‘bs were made, the plate was not
»perfectly smﬁc*bh or flat 'Ihere were probably seco*ldary ﬂows-
in the air stream as well as pressure gra.dlents in the bulk flow. ‘
The measurement, ne matter how careful_ty cat'riea osut > can
nct be perfe* 1y acw.rate. Tc-lera,nees, or margins of error mus‘& |
of necessity arise from causes outside the contrel of the expem.—-
merthar, They have to be accep ted and if posmble, kept within
reasonabls limits, , ..
~ There is the added dlfflculty that the mtroduetlo'l of a
measuring dev.Lce mmt giter the air flow in its nex.ghbourm 1
It is not pcssible to rasolve completely the dilemme pcsed -
above, The best r.hat can be saié, is that when cc-mpa.r‘is-::né' a.':'e‘maclle
betwaen theerf and experiment, previded the 1j.mitatiohs in both are
realiszd and icieniifie.d, ther. a reasonabls agreerﬁeﬁt betwesn the twe
gives :onfi.dence that the 1imit-e:bicns may lie within scceptabls

Limits,



CHAPTER 6
Solutions of the -computeé prclgram' based on the medel
developed in the first part of the previous chapter of the laminar
boﬁr.da;;vy layer over a flat wet plate a.re' included in :thi.s chafter.
'L‘he computed boundary layer profileé show the effact of changes in
ambi ent: température »zmd‘ hﬁmidi‘by, A comparison is made between

~ the measured boundawy layer prbfilés and the appropriats computer

soluticr of the boundary layer model,

Part of the reason for éoniput:ing nass transfer bqunaa.:jx
laye=s is to examine the effect on the solution of the lsminar
boundary layer Aequations of including mass transfer and variable
fluid properties, To this end, a series of computer runs with
the computer program of figure' 51 were made with data appropriﬁte
to & common origin for the three ‘bou.ndary layers; the same wall
tamperatﬁre; air at‘ the wall saturated at that temperature; and
with different ambient temperatures and humidities, The resuits

are presehted as figures 6,1 to 6...

]
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T~ 293-16degk T = 3!3-!66.‘:9}(
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Fige tele variativa ol numuditvy profiie witan amo.eny
humidity,
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Fig, 6.2, Variation of velocity and mimidity profiles
with ambient temperature,
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Fige 6¢3e Variation of temperature profile witn
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Fige 6ele .Va.'riation of velocity and temperaturs profiles
with ambient humidity,

A few sémewha‘t unaxpested features emsrge, The shape of
the val-~zily boundary lgyer is not strengly} .dependent on amoiend
temperatizre'o'r‘humidity. This leads »'»co the suspicion that the
l.u;gq modifi_::atibﬁ#_ tec the velecity profile over a flat plate when

hea%ad (Ref, 13) arise from modificaticrs to the pressire distmib-

wbion in the bulk flow rather than from changes in fluid properties.

The ef fa"t on the velocity beundary layer of a Varlatn or. in tho

free stream pressure, obtained from a computer run with the computer

program of Fig, 5.%., is shown in Fig, 6.5, This profiie is in
clcse agreement with the corresponding solutior of Brown and

Donoughe {Ref, 50).

..
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with the“ v_élocity bounda.ry layer starting the same distance up-
| stream of the starr of the humidity a.nd 't;emperémre' layerse
| ~ From these solutions the form of the change in evaporation
a.nd heat transfer rabe along the plate emsr ges. - Fig, 6.6. shows
‘ths eVapQra’plgn rate at(var‘lous distances a.long thév pléte. The
. evapcfafion rate is e:&presséd as ths dimensionless de'miva.’civ&

(?_f . »’i‘his'iis related to tﬁe:a{_:tual evaporation ratz W

by the expressicr

> - WX Ow | : (6.1)
q=o Uon (Cw<dD A
'Thé variation of the heat flux through the plate with distance

alcng the plate is shown in F:g. 6s7. Heat flux through the
plat-e is given by the dmensionless derivative (%?eq\ "=

whic.h is relahed tc the actual heat flux 9 by the expression;

( “ = 9 F‘Ow i | . (642)
3'] N=o : U kA(Tﬂ'TvJB ~ :

The svaporation rate and heat fiux acrose the plate increasss as

" the start of the temperature and humidity bowsdary layers is
approached downstream,  The form of the mathematica.l modsl gives
rise % a singular puint of infinite evapsraticn and heal itransfer
" rate at the origin. The sin‘gularity was avoidad in the computate
ion by refraining from applying the bourdary layer m§del to the
region close to the sta;r;t cf the temperature and bunmidity boundary
layere, 5 'was. pcssible to cheék the computed prcfiles by
comparing the heat and mass fluxss in the boundary layer with the
fluxss a,..'.'-:.»s.sl the .pla‘be. The integrations through the beundary
lay-r and across the plate é.c-:.ording to Aequa;t:ibns (5665) and (5.66)
cf sextion 5.7 wars in good agreement, This justifies the
choics of the distance parameters Ny and ’]‘Vm the mathematical
model, | | |

The d:i:stribut-ion of the heat and mass fluxes through &

t-ypiéa’l. mass transfer boundary layer are shown in Fig, 6,8,
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Fig. 6.8. Distribution of heat and mass flux in
boundary layer,

Figure 6,9 shows humidity boundary layers at various dist-
ances from the leading edge of the wet plate, together with the
velocity boundary layer at the start of the wet plate, all plotted
against the dimensionless distance parameter f] o It can be seen

how the humidity boundary layer grows inside the velocity boundary
layer, The temperature boundary layer behaves in a similar manner,
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Fige 6.9, Humidity profiles at various stations along
, wet plate,




Dus to the uncertainty of the positinc of the star of tha
velocity boundary laye':.; for the msasured profiles, (ths velocity
boundary layer started at some pcint in t'r_ia accelerating ssotion of
ths wind tunnel), it was necassat;:)', in ordar %o compare'the measuzad

profiies with thcse computed, to determine tha valus cf ths ratic

% by fitting the coznpﬁ’t.ed velocity profile tc the measured

velocity profile, Figurs €,1C shows both profiles,
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With the walua r;f —r-l- determined in this marn=r it is
possibie so compars ths computed and measured temp\erat*-lr'a ani
humidity profiles (Figs, €,11 and 6€412).

The measurad prcfiles are thoss corresponding to the
series of runs performed i cne aftermoon with néa.r consvant

ambient conditiorns (Figse 4eil, 4¢12 and Lei3)e
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It can béseen from figuée' 6411 that the measured and
computed temperature profiles are in close agroement, There are,
however, discrepancies between tha computed and measured humidity
profiles (Fig, 6.12.), particularly in the region close to the
evaporating éu‘rface. Similan tfends_ :Ln the measured humidity
profils cicse to the evapcrating surface are apparent in the other
meastrements (Pigs. 448 and 4.9). These discrepanciag é‘agges‘b
that it may be necessar.';y tc apply corractions to the measuremsnts

cf huridity with the thermccouple for proximity to a solid boundary,

L. Wall corrgctions for the'g-ggrmocoup",_.,e pgxcm mster,

Figuras 48, 449 and 6,12, indicate that the proximity to -
a sclid boundary has an effect on measurements with a thermccouple
psychrometer, This is nc doubt due té the modifications of the
velocity distribution and air flow pattern around the thermocouple
psychremeter when near a solid boundary, which cha.ﬁges the convective
heat ard mass flux to and from ths juncticn,

As yset, no d.etails‘ of the api)licable correction can be
givan, It is propcsed to conduct further measurements cf laminar mass
transfer boundary layers with carefully controiled ambient conditions
with a'viaw to cobtainirg the data for determini.ﬁg wall carractions,

Pending the further measurements, cne appruach is to appiy
a methcd of correction for wall proximity based cr an analigy of
the corresilioss - hot wire aremometer roadings, Wiils (Raf, 32)
ﬁzea.sured the rabe of heat l:ss from a hct wire in a moving air stream
at various di.sténces from a solid beundary, Tha resuits ars ccllabed
by the expression:

-0.17 '

Nu, (9»1 IOa.) = A + 0-56 RNOA.S (643)

where Nuw is the wire Nusselt number, |

gw is the wire temperature,

9@ is the temperature of the surrounding air,



R‘, is the Reynclds number based on the wirw
diameter and the mean of film temperature,
and A is a ccnst'aht related tc the ,raﬁ:-ic of the;
distance from the wall and the wire
diameter, o

The expression for mass transfer, analcgous to squation
(643) ie;

Il 045

Sh (CSICOJ = A + 056 Rg' : (644)

whara Sh is the Sherwcod number,
C¢ is the absolute humidity sdjacent to ths
'psychrometer, '
and Cg, 1s the absolute umidity of the air in

the neighbcurhcod of the psychrometer,

The application of this analogy requires geomstrical similacity
betwesn the hct wire and the psychrometer junction, Furthermore,
Wﬁlls res not included in his corrections, the effect of & wall
temperature other than equal to the ambient temperature, Thus
the analcgous expression (equation 6,/) does not include &

different humidity at the boundary frcm that of the ambient air,

~ Degpite these difficullies, the application of correctious
based cn the analcgous expression to Wills! data gives encouraging

roesults,

-~

Figure €.,77 shows the effact of applying the corrections
to a measured mmidity profile according to equation (belde) It
is axpected that a rather bstter method of correcting fur wall

proximity will resuit from the further measurements ervisaged,
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- DIMENSIONLESS DISTANCE FROM PLATE

Fig, 6413. Analogous wall corrections applied to
thermocouple psychrometer measurements,

825 Conclugion.

Becanse well established techniques were used for the
measurerent of velocity and humidity within the mass transfer
bounda.ry layer Sver the flat wet plate, the close agreement
between the éomputed and measured vélocity and temperature
profiles (Figse 6,10 and 6,11) gives confidencethat the
approximations tc the real situation inherent in the physical

and mathematical models do not lead to serious errors,

The consistericy of the humidity measurements using
the thermocouple psychrometer (Figse 4.9 and 441) and the fair
agreement between the measurements and the computed profile
(Fig. 6412) lend weight to the statements in Chapter 3 and

Appendix III concerning the efficacy of the thermocouple
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psychrometer, Howe#er it is apparent that the measurements with
the thermocouple psychrometer>are effected by the proximity to a
solid boundary and further work is indicated in order to find a

method of correcting for this effect.



CHAPTER 7

The intention of this chapter is to formulate a model of
the evaporative process, The evidence on which this moﬁel is to
be based includes the measurements of laminar mass transfer bound-
ary layers and the corresponding theoretical model described above,
numerous measurements of "free" eVaporaxién'rates by various
investigators, and observafions of drying processes, particularly
of wef fish and wet asbestos shesets,

The discussionﬂbegins by giving an overall description
of the evaporative proéess and then describes such simplifying
- assumptions as are necessary tc refine the descriétive picture
intc a useable model, |

The evapbrative process consists of the iransfer of mass
from one substance‘in.the liquid phase by a phase change result-
ing in the removal of mass'in the gaseous phase, usually as a
mixture with another gas or gases, The particular example of
~ evaporation that is the concern of this invéstigation is the
important case of the evaporation of liquid water into a moving
air stream, Various gradients and fluxes can be identified in
the evaporative procéss. These are best identified by following
an infinitesmal particle of the fluid from a starting polnt-iﬁ
'~ the bulk of the liquid, The particle is conveyed towards the
region of the phase change (or the phase interface’ or burfacd)
by convection and molecular movement within the fluid supplying
matter to replace that evaporated,

It should be mentioned that we are concerned here with the
steady state process, Temperature and concentration at particular

points in the system are constant with time,
As the fluid particle approaches the surface its temperat-
" ure falls as there is a net heat flux towards the surface from the
bulk of the liquid helping to supply the energy necessary for the

change ¢f phase,
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| At the surface, molecules of water are contimually
evaporating and condensing, A net quantity of ﬁblecules escape
from the region adjacent to the surface and are not recaptured,
These molecules move away from the surface by diffusing towards
regions of lower molar concentration, Thers is in addition a
thermal diffusion effect due to the increase in temperature as
the particle moves away from the surface.v. This temperature
increase results from a heat flux to the surface from the air.
The direction of action of thermal diffusivity is such that the
component of lower molecular weight diffuses in the direction of
increasing temperature, in this case, water vapour diffuses away
from the surface, However, when compared wiih mass diffusion,
thermal diffusion is sufficiently small as to be negligitle im
the cases examined, |

- Supplementing the mass diffusion from the surface is the
process of cqn&ection. The joint processes of diffusion and
convection operate on the”water vepour as far as the edge of the
boundary layer; beyond this the air properties are those of the
bulk flow,

Thus five regions associated with the evaporative process
cen be identified. There is the bulk of the liquid remote from
the phase interface; there is the region in the liquid adjacent
to the interface in which the temperature mayidiffer from that
of the bulk of the liquid, and in which there is a net movement
of liquid towards the interface; there is the ill-defined region
in which thé_phase change takes place; there is the region in the
air stream adjacent to the interface (known as the boundary layer)
in which the air‘properties diffef from.those.of the bulk-air flow;
and finally, theré is the bulk of the gaseous phase remote from
the interface, The two bulk states serve to define the start

and finish of the evaporative process,

109,



- \7 Fo .

Part of the model of the evaporative process is the -
identification of the controlling.feéture or féafures. It can
be seen experimentally that the evaporation rate from a wet
surface is independent of the rate at which water is supplied
to the surfacs, provided:the supply is sufficient to keep the
surface wet, | This can be contrasted to the "analogous" heat
transfer process in which, with steady conditions, the surface
temperaturé regulates itself so thét the heat fiux from the
surface e#actly balances the heat flux to the surfacs,

As each part of the evaporative process is examined
in detail, features that may contribute tc the control of the

evapcration rate are considered,

Tal Region of tempergture variation in the liquid,
When steady state conditions-are established, the
temperature in the 11qu1d varies 11nearly with the distance from

the surface according to the relation

9 = kA &T . (7.1)
oy

The magnitude of the temperature change depends on the heat flux
through the liquid and the thermal conductivity of the liquid,
The heat flux depends on the heat paths from the surroundings tc
the evagporating liquid, In cases such as fish drying or ths
drying of asbestos sheets (Appendices I and II) there is veﬁy.
little heat conducted from the surroundings to the evapcrating
liquid, The temperature cf the evaporating liquid and indeed

of the bulk of the evaporating body falls rapidly and remains at

the wot bulb temperature of the surrounding air, But in situations

similar to that of the wet plate in the wind tunnel used for the
measurements of the mass transfer boundary layer, the plats was in
good thermal contact with the wind tunnel and thus a significant

amount of heat was conducted to the evaporating surface through
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the liquid, In such cases the surface temper;ture is significante
1y above that of the wet bulb temperature of the air and there is a
heat flux and hence & temperature variation within the liquid,

It caﬁ_be seen that any heat'fluk'to the surface by
conduction through the liquidAenhances the évaporation rate;
The experimentsl evidence of Powell and Griffiths (Ref, 5) =
relates the evaporation rate to the difference between the partial
vapour pressure at the surface and the partial pressure cf the
water vapour in the bulk floﬁ, which difference increases with
surface temperature,  Also it can be reasoned thgt an incfease
in surface temperature leads to an inérease in the mbbility of the
liquid molecules near the surface,

Although the heat flux by conduction to the surface
influences the evaporation rate, it is not a controlling feature
as evaporation is posaiblé with no heat conducted through fhe
liquid to the surface; in such cases the evaporation rats is still
characterised by an upper limit for a particular air flow and

conditicn,

Re‘i o e ch o

Perhaps less is known and there is more conjecture con-
cerning the region a few hundred iolecular diameters either side of
the liquid-gas interface.than-any other aspect of the evaéorative
process. ’ |

In 1915, Knudsen (Ref, 51) measured the efaporation rate
of mercury by photographing droplets at various times and deter-
~ mining the volume graphically. Kmudsen's results are presented

as;

m = 43.75 < 1070 P M, (7.2)
. T

whsre ™M 1is the evaporative mass flux (gm/um2 S6Ce),

P is the saturation vapour pressure corresponding

-~

to the temperature of the drop (dynés/cmz),
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M is the molecular weight of the evaporating
substance, | ‘

and T s the surface temperature ( dég.).

Langmuir (Bef o 52) obtained the same: réla._tionship for the evaporat~
ion of metallic tungsten, In both these experiments, the eva.poré.t-
ion was into a high vam;fum. .
Aty (fi.ef. 53) found that the Knudsen formila (equation 7.2)
applied to carbon tetrachloride but evaporation rates for water
were a factor of 0,01 to 0.02 iower than predicted,  In a-later
experiment (Ref, 54) Alty measured the evaporation of water droplets
on a fine tip in a partially evé.cua‘ted chamber, The surface
temperature of the drop was inferred from the surface tension of
the drcp, found by measuring the weight of the drop, Alty's
results are presented in s form similar to that of Kmudsen:

m = 43.75,(;0'6(P-F)$JE , (763)

where P is the saturation pa.ftial pressure ofl the
vapour at the surface temperature of the drop
(dynes/en?),
}: is the partial pressure of the water v_ai:our in
the partially evacuated chamber (dynes/ cmz),

and 4 is the evaporation fraction,

The value of A «F for water was found to be about 0,04. Hickman
(Ref, 13) uses a similar approach when he defines an evaporation
coefficient & as the ratio of the measured eva.poratién rate to
the rate calculated from the Knudsen formula (equation 7.2).
However, Hickman maintains fhat the low measu:.'edl evaporation co-
efficients asrise from evaporation into Q. foreign gas (usually air)
and evaporation into a layer of nearly saturated wvapour. By
evaporating into a near vacuum and co.ntinuOusly removing the
vapour from the iiquid surface, Hiclaman measured much higher

evaporation rates than those of other experimentors, His



apparatus compriséd a high velocity jet of water evaporating into
a high vacuum, , The vapour was collected and weighed in a remote
condenser, Hickman concludes that the evaporation c§efficient of
water under thess bonditions is not less than 0.25 and probably
appréximates unity,

Further experiments by Alty and Mackay (Ref, 12) led to
the definition of an accommodation coefficient o s as the "ratio
of energy actually transferred during evaporation to the maximum
possible value", Wiﬁh pﬁre water at 10 degC, Alty and Mackay
fond & = 1,0 and § = 0,036 whers § is, as before, the ratio
of the calculated to the actual evaporation rate,

An explanation for the low value of { is given by Fowler

and Bernel (Ref, 55) in their conclusion which states, inter alia,

"These results indicate that, sc far as interaction with the vapour

molsecules is concerned, the surface behaves more like a solid than
a liquid, Most of the vapour moleculss incidert on it are unable
to penetrate into the 1iquid>buﬁ, on the other hand, thej are ali
able to attain the temperature equilibrium with the surfacsvbefora
re-evaporating into the vapour phase", This concept cf a liquid
acting as a solid is used by Lyps (Ref, 14) in a theory of ths
evaporaticn rates of liquid based on the kinetic theory of the
escape of molecules from the sﬁrface of a solid, Lype refers to
water as a "psuedocrystalline liquid", With this model, Lype
obtains good agreement with measurements of the rate of growth

¢f vapour bubbles in boiling water,

Additional evidence es tc the behaviour near the phase
changs boundary comes from work on the evaperaticn of water drop-—
lets, Fuchs (Ref, 29) reports the results of numercus measIT o=
ments of droplet evaporation rates, Fuchs deveicped ; theory of
eveporation based on the assumption of a vapour concentration at
the surface equal to the concentration cf the saturated vapour

at the temperature of the drope The analysis is for drops
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stationary with respect to the surrcunding fluid, A correction
is applied for a variation of concentration within a distance of
the order of one mean free path of the molecules fﬁrom the surface,
sralogous to the "temperature jump" and "slip vélocity" predictad
by the kinetic theory at a solid-gas interface, (Ref, 56). The

equation for the evaporation rate in this region is

I = 4wr*(¢-c)Od o (7.4)

whera D= f':I
atm 2
k is Boltzman's constant,

™M is the weight cf a moleculs,
Co 1is the vapour concerntraticn at the surface;
C, is the cocncentration at a distance from
tha surface, |
is the accommudation coefficient (& :='0.034)

and ¥ is the radius of the droplet.

This evaporation rate is equated to the loss of vapour inte the

surroundirg space by diffusion according to

I= —A-“'rxb.ji'cé o< ,€= r+a (7.5)

wvhere D is the mass diffusion coefficient,

Fuchs?' model is in good agreement with the mesasured rates of
evaporation of drcplets,

Cary (Ref, 57) uses a method of irreversible tharmoe
dyniamics to predict the mass flux beﬁween two liquid surfaces at
different temperatures, Cary's éonclusicns are cf particular
interest, He states, inter alia, that "The rate of Vapour A
diffusion into air was the rate limiting process rather thac
the ability of the air-water interface to supply its equilibrium

vaiue of vapour pressure",
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~ As mentioned in Chapter 1, by using a molecular kinetic

model, Berman (Ref, 41) finds the evaporation rate to be

: 7
3bxi0 af [9Me ab | (7.6)
ATRT
whera 0.-? is a combined accommcdation coefficiernt
(@f= 0.04),

% is the gravitational acceleration (n;/secz),

R is the universal gas constant (kgf/kg-mol
_degK),

M“. is the moiecular weight,

T is the absolute temperature (degk),

and DP is the difference between the saturated
partial pressurse at the surface and tho
partial pressure of the vapuur air
mixture dirsctiy adj>ining the surfaca,
This approach is similar tc that of Fuchs,

This discussion on the behaviour in the region of the
phase change close to an evaporating surface can bs summarised
as follows;

Although there ai'e considerable differsnces betwéen the
mcdels proposed by the various authors, then provided that the
only limitation to evaporation is that the concentration of
vapour adjacent to the surface mist not exceed the equilibrium
saturation concentration at the surface temperature, the evaporat.

jon. rata & can be found from an expressicn of the type

£ = ¢ (ps-bad /% , (7.7)

whers € is a constant, |
_ | ‘Da; is the partial vapour pressure adjacent
to the surface,
;’5 is the saturation partial vapour pressurs
corresponding to the temperature of the

surface,
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M is the molecula.r'weight of the evaporating
su‘bétance ’
and T 1is the absclute temperature of the surface,
The considerably body of experimental evidence describsd above
enablas a value to be put on the constapt In equation (747) s
If the various data are reduced to a common form with common

units, there results;

for squaticn (7.3), (Alty) & = I-Qilo‘. DP M
- T
for squation (7.€), (Bermar) £ =154 xlO" ob {_& (7.8)
. T
and for equation (7.4), (Fuchs) £ = l-sbx,o“ b‘) \/E )

The units in each case ars [ kg |m hr odm 1.

Thus, there is good agreement between the evaporation rate
formlae of the three independent investigators, It can be seen
that the evaporation within the region close to the surface is
characterised by an upper limit, - The maximum rate ai which mass
can pass through this layer is direcﬂy proporticnal to ths
saturation partial pressuré at the surface, which in turn depends
. on the surface temperature, = The maximum rate can be realised in
theory and according to Hickman (Ref. 13) in practice when evapor-
ation occurs into a -high vacuum with continuous removal of the
evapcrated vapour from the éu.rface. |
| The actual evaborati‘on rate, subject to the upper limit
rentioned above, is determined by the rate >at which the vapour
is removed from the regicn adjacent to the surface; this then is‘

the controlling feature of the evaporation procsss,

Tal The regi gr,',‘ of dgg:gect;#s and diffusive mags transfer.
That the rate of convectiv_é and diffusive mass transfer

in the boundary layer contrels the who;.e evaporation pr§cess is

jllustrated by a practical example, In the drying of asbestos

sheats (Appendix II) a typical set cf measurements was as follows;
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Air mass rate 130 kg/hr
Air dry buld temperature 3745 degl
Air wet bulb temperature 20,3 degC
Totsl evaporating area 1340 m?

Surface temperature 2043 degC
Drying rate ‘ 6e45 kg/hr

From these data, the maximum possible rate of evapcration
correspending to the saturation partial pressure at the surface

temperaturs is given by equation (7,.8);
thus abt 95 = 20-3 de5C , ‘;s = 0.023% a...‘"m,

and £, = (-C:uo"ks‘/.g = 93 auo3 ﬁﬁ!m“kr,

The measurad evapcration rate is

€ = 6,-45"/13.0 = 0:496 Ir.%]m‘ kv .
The calculated maximum rate corresponds to evaporation intc a
vacuume The calculated evaporation rate assuming that the air

adjacent to the surface has the same partial pressure as the bulk

air flow is given by equation (7.8);

&b 90 = 326 dabC , _0“ = 203 deaC | ':,,= 0:012) odm,
7 ¢
and € = 1bxio (bs*i’,_)‘/-."_.‘. = 49x l'z'>1 % 'LYML.
T : A
Thas the calculated evaporation rate is nearly 1000 times thab

measured,
Ancthar way of looking at the problem is to calculate the
partial pressure ir the layer adjacent to the surface to give a

calculated mass fiux equal to that measured, Thus we requirs

En = Loxio ob‘[g ,

bp = S.05 xlo-("achw .

dp so that
which givas
Thus the partial pressure of the water vapour near the surfacs

is very close to the saturabtion partial pressure corresponding

to the surface temperature,



Because of the contrclling nature of the boundary layer
flow, this aspect of_the evaporative prdceés has received fhe '
greatest attention in this iﬁvestigation. In predicting evapor- .
atior rates, the greatest difficulty is the cox_n_piaJd.ty of the
boundary layer flow, In theory, the model of bounda.ry layer flow
developed in Chapter 5 can be appliéd to more general cases of
laminar flow, The technique for doing this is to pradict the
- variation in the pressure in the bulk flow and use the predicted
~ pressure gradients in the pressure varying form of the mathematical
model of the laminar bomdaiv layer to compute evaporation rates
at numerous stations along the evaporating body, The mass -flux
at each station along the evaporating body is. then determined from
the humidity profile by the exﬁressio.n

£ =Ff D (3.3( | | (7.9)
¥9 /y=0

I{ is possible to generalise the mathematics to apply to three-
dimensional shapes. | |

A large number of commercial mass transfer processes take
place in a turbulent air stream, The formlation of a useful
model is rather mcre difficult in this case, It is anticipated-
that the thermocouple psychrometer will be of great assistance in
developing a model of the transitional and turbulent mass transfer
boundary layer, | |

The most useful data a;t present available for transitional
and turbulent evaporation is that of Powell and Griffiths (Ref, 5)
whe msasured the. evaporation rates from objects of various simple
geomgfrical shapes in a moving air stream, .The alternative is to
use mass transfer coefficients derived from measured heat transfer
coefficients using the analogy as described in section 1,4.7.

There is some justification for this, Perry (Relf. 58) points out

118,

that smail errors in the measurement of temperature have a negligihle

effect on the heat transfer coefficient, whereas the same errors
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leal to large errors in the vapour pressure and hénce in measured
mass transfer coefficiants, |

Anaiogous methods can be avoided by using méasurements of
lcqal concentration gradiénts to check measured evaporation rateé.
Overall evaporation rates can be measured as was done by Powéll and
Gri.ffiths , and the thermocouple psychrometér can be used to measurse
the hmmidity grad.ienf near the surface and hencs fhe lccal evaporabe
ion ratea,

Ancthar promising tocl for the iﬁa-‘esﬁ:‘x.gat—i'm of evaporation
from tares diinensional bddies; developed in conjunction with Mes JM.
714as in work on f.he drying of wst asbestcs sheeting, is the use of

a ia.yar of china clay (kac-lin) over a Ylack base, spraysd with a
voiatiie dopee Ob,]aubs prepared in this manner 8:1.1.0‘»: a diract
observation of the evaporatlve process as reglons of slcw evaporate
jon remain transparer’ and remain dark wnhile regions of h.t.gh«;..
_ ervapoi*a.tioa.i appea.f whits, This techuique has besn widely used in
aerodynamics for the visua.lisation of boundary iay&? transition,
(Ref, 52) but is a dirsct measure of the Lccal evaporation rate,
Thus, to sﬁmnarise ths state of ths art of predicting
evaporaticn rates; the mathematical models of the laminar boundary
layer, proposed in Chapter 5, together with measurad humdity,
.,emperatu.t:e- and velocity proflles can be ussd to predict evaporation
rates in laminar flow from bodies of s:unple shape.A Either msasurew
merte similar to those of Powell and Gri.ffi.t-hs of evaporaticn rates
from scale models, or the measurement of the a.nalég:»us heat transfer
situatior van be usad in transitional and turbulent flovwe Local
evaporation rates can be found for bodiss of complex shape in laminax
and turbulent flow using the chira clay techniqus, and in lamina=

flow, using the thermocoupie psychrometer,
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CHAFTER 8

I% is proposed in this concluéion to examine'and criticisa
thpse aspents of the foregoing which for reasons ﬁo be discussed are
rot =3om§1<a‘baiy resolved, From this examination, areas of further
work emermge, _

The féundation of the whole project is the nieasuremeh‘b of
mass concen_t-fation within ths boundary 'laa'rér. A considerable part
of this thesis deals with the 'developm_'enf and use of the thermocouple
psychrémetar , and although the hethod has pzﬁred rsasonably successful,
thers are threé areas in which improvements can be éffgcﬁed.

Tke raquirement that the thermocoupls junction must be web
by Peltier cooling in a.regicn of high humidity, and ﬁhen traversed
‘through the boundary layer, is inconvenient and limitinge It is
unfortunate that limitations of the Peltier cosling cf the thermom-

| couple junztion require that there be a ‘reéionof high humidity for
wetting the juncticn, If the cobling could be imprcved to givs
wetting of the junction ai:ll normal ambient humidities (perhapa with
a semiconducting materisl such as n énd p=;byp_e bisxmth telluride
ussd in Peltiar "batteries",) there would be nc nesed to traverss
the thermocouple through the region,

B& a.lternately cooling and wetting the junction, theﬁ using
tha junction as s psychrometar (as envisaged in the original mef.hod
dasaribed in Chapter 1) the danger of the junctioun bec-amtn.é parbly
dry is avoided, |

The second region of uncarbainty is in calibraticne Al
calibration against a cohventioné.’i .wet and dry bulb psychrometer
in ths ambient air stream gi.vés consistent results, but thers could
be measurement situations where the presence of a wet and dry bulb
psycnrcmetar is impra,cticablé or undesirabls, It is.showh in
Appendix III how the amcunt of water condenssd ontoc the junction
effacts tha psychrometer constant, It is possible that this could

cguss a change in calibratior during a traverse, aithcough this 1s
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not indicated by successive traverses preceded by different cooling
times and henée different degrees of wetting, This difficulty is
obviated by the pulsed cooling described above, With a rogular
periodic ccoling, the amount of water condensed on the junction
would remain conétant.' .

The third region yet to be t‘ully investigated is fhe possible
effect due to the proximity of a solid boundary, Measurements so
far suggest that there is a "uall effect®, but there are insufficient
data to gaugs the magnitude of the effect or its dependence on the
various factors involved,

There is some doubt as to the most realistic manner of
providing for the diffsrent origins in *bhe theoretical models, Tha
justification for the chcics of a square root vari;a'bion in the digte
_ance parameter (section 5,3) is that this gives an acceptable balance
between the heat and mass fluxes through the plate and in ths boundary
laye~, The approximate integral method leads to a cube root variate
ion (section 5.5, eﬁ{uatio.n 5,85)s Thigs, becauss of the poor fit of
the approximate profile nesr ths wall, does not give a good balancs
betwsen thé fluxes across ard valo.?z.g tha plate, The most natural
method of allowing for diffe.fent regions would bs to solve tha
bourndary layer equaticms in partial differential form by finits
difference techniques, starting at the leading edge of the plats,
and progressing dowastream at discrete interval:, maintaining the
balanca betwsén the fluxes through the plate ‘a.nd bo’mdéry layer,

This was not pursued in view of the reasonabie agreement of ths
measured profiles with those computed by the finite differencs
mathod, and the considerable computer time needed for the. solution
in partisl diffemezt.bl form,

" The sebting up and measurement of the leminar mass transfer
boundary lgvér above a flat wet plate pcsed ~some difficulties, It
was necessary to let the plate into the floor of the tunnel, This

meant that the heat and mass transfer boundary layers started soms
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distance downstream from the start of the velocity boundary layer,
There was no way of controlling the temperature and humidity of
the bulk air flow in the open~ended wind tunnel, Due to surface
tension forces, theliqid arface adhersd to the various probes when
the probes were brought into contact with the surface. This made
it difficult to locate the surface in such a manner as to eliminate
the backlash in the traverse, It ias usual to wind the probe up
to the wall to make electrical contact, then wind awéy from the
wall until contact breaks, thus locating the wall with the probe
béing driven in the direction of the traverse.

All of these points, with the exception of the lastmentioned,
introduc‘e departures of the real situation from the ideal or model
situation of a "flat wet plate", None of these difficulties arises
4f 1t is the real situation which is of interest, The measurements
apply to precisely the fea.l situation of a "slightly rough wet piate
let into the floor of an open~ended wind tunnel",

On the other hand, if the real situation is closely
approximated by a model of sufficient simplicity, the comparison
of the measured and predicted results gives a useful check on the
experiment, Likewise, once the experimental efficacy has been
established by reference to simple models, measurements in more
complicated situations can help in the development of more sophist-
jcated models, For example, one of the uses to which the thermo-
couple psychrometer is to be put 1is the measurement of mass
concentrations and hence evaporation rates from arrays of bodies
of simple shape. It is hoped that this will lead to better data
for predicting drying rates of foodstuffs and other similar objects.

The essay on evaporation included as Chapter 7 is an
attempt to rationalise the vast literature on the subject, and to
formlate both a picture and a model of the procesé which can be

 used to predict evaporation ratess



Fuarther work ié envisaged on the completion of a closed
circuit wind tunnel at present under construction with i)mviéion
for fine centrol of humidity and temperature, It is prcposed te
set up a smooth flat wet plate and me?.swe laminar humidity
profiles it order to find the magnitude of the wall effect on the
tharmocéuple psychrometer,

The naxt logical step is to extend the invsstigation tc

transiticnal and turtulent mass transfer boundary layerss
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NOMENCLATURE

Significance
Area associated with heat flux,

Cross section area of thermocouple
wire,

Parameter in equatiun for wall
corrections,

Funectior used in the solutlcn of

equation (2,17),

Psychrometer constant,

Correction factor (Berman),

CGircumference of thermoccuple wire., -

Constant in approximate velocity
profile,

Functxon used in the solutzon of
equatlon (2.17).

Parameter involving properties of a
thermocoupie wire,

~ Constant in approkimata velocity

profile,

Specific heat of thermocouple wire
material, :
Correcticn factor (Wexisr).
Constant in evaporation rate equaticn,
Specific heat of moist air,
Specific heat'of moist aire
Specific heat of dry air,
Specific heat of water &épour.

Vapour conuentramon at surface
(Fuchs),

Vapcur concentraticn a dlS ancs

from surface (Fuchs)

Absolute humidity of air in neighbour~
hced of thermocouple psychrometer,

Absolute humidity of air at the

surface of a thermoccuple psychrometer,

Mass concentration,

tioxn

(142)
(241)
(643)

(2.19)
(3.1)
(1413)
(2.1)

(5,68)
(2419)
(241)

(5.68)

(2,1)
(5414)
(747)
(5424)
(543)
(5424)

(5424)

(7.4)
(744)
(642)

(6e4)
(1.2)

124



o

Mase di.fi‘-;si.vit-y;
Digmetar of thermocouple wire,

Any property such as k ’ r 2 M0 otc.
of moist air,

Partial pressiure of water vapsur at
the 'dry bulb' temperature,

Partial pressure of water vapour at
the temperature of adiabatic saturaticn,

" Function in an approximate velocity

distribution (Polhausen).
Accomodation ccefficient (Berman).

Surfaée heat transfer znefficient f
wet wire,

Dimensiorless velocity,

Evaporation fraction (Alty)e
Derivative of ‘F wit.h»respect; to.'r] o
Derivativs of # ' with respect ton .
A fuanctior exprsssing the variatinn
£ thermocouple cooling current with

time,

Fanction in an approximate velocity
distribtution (Polhausen),

Acceleration due to gravity,

Dimersionless temperature,
Derivative of % with respect to f] .

Function of time,

. Evaporation rats (Berman).

Surface heat transfer coefficient
of thermocouple wire,

Increment in 7] used in finits
difference solution,

Current in thermocouple after
increasing linearly from zero for
a time T

- Integral function appearing in the

bourdary layer equatiuns,
BEvapcraticn rate (Fachsje

=~ 3 . ~y st
Tavvert in thermiccupis,

(143)

(2426)

(5071)

(3.1)

-(3.1)

(5479)
(1013}

(2427)
(5.8)
(7.3)
{(5440)
{5448)

(220)

(5479)
(1.13)
(549)

(5444)
(2,22)

(1412)

(241)

(5492)

(245)

(5435)
(7.4)
(Ze1)

(arbitrary)

kg/s
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Number of distance increments on
finite difference grid,

Number of 1ncrements of'q in finite
difference solution,

Currenz through thermocouple bridge
which prodaces 1dentifiable signal,

" Number of time increments in f1n1te

difference Valculatlon.
Proportlonalxty factor (Berman).

Variation:of thermal conduct1v1ty of
moist air with specific humidity.

Thermal conductivity.

Thermal conductivity of thermocouple
wire material,

Boltzmann constant,

Paraméter in an approximate velccity

distributior,
Latent heat of vaporisation of water,

Parameter involving the slope of a
linearly increasing current.

Molecular weight of evaporatlng
substance (Knudsen),

Variaticn of absolute viscosity of
moist air w1fh humldlty.

Molecular we;ght of dry air,

‘Molecular weight of water vapours,

‘Exponert in expression for Falkner-
-Skan flow (Buler Number),

Evapuraﬁxve mass flux (Kuudsen ).

Weight of a molecule of evaporatlng
. substance (Fuchs),

Nusselt number,

Parametea in approximats ve1001by
distribution,

~ Peltier coefficient of thermccoupls

Jjunction,

Total pressure of air water-vapour
nixture,

Saturation partial pressure of ws.ter
vapour {Krudsen, Aity).

(2.14)
(5462)
Fig.Z;?.

(2.15)

(1.13)

(5.22)

1.2)

(2.1)
(7e4)

(5480)
(2427)

(2,6)
- (7.2)

(5420)

'(5.12)-
(1.13)

(5.51)
(742)

(744)
(643)

(5480)
(242)
(3.1)

(742}
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kg/m hr atn

W/m deg
W/m deg

J/deg

J/kg

Adeg/SB

gmencl

kg-mol

kgemcl

gm/cm?s
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N

(4

Variation of densxty of moist air
with humdlty.

Prandtl number.
Static presswre.

Partial pressure of water va.pou.-:
(Aty).

Partial pressure of water vapour.in
air saturated at the temperature of
the water surface (Berman),

Part 1&1 pregsue of water vapour in
moist air,

Partial pressure of water vapour in
moist air immediately adjacent to

- the water surface (Berman),

Partial pressure of water vapour at
wet bulb temperature,

Heat flux,
Specific humidity of moist air,

Universal gas constant (Berman),

‘:Rey'nolds number,

Reynolds number of hot wn_re.

Resistivity. of thermocouple wire
mat.erlal.

“Mixing ratio of moist a:u'.

Radius of water droplet (Fuchs),
Schmidt. ﬁumber.

Sherwoocd mumber,

Temperature,

: i Absolute temperéture.

Time for thermocoaple current to
increase from zero toI o

"Dry bulb" temperature cf moist air.
Surface temperature (Knudsen).
Temperatures cf thezﬁocouple junctions,
Temperature of adiabatic saturaticn,
Time,

Velocit, J of air outside a boundary
layer,

(5418)
(5677)

(1.5)

(7.3)'

({.12) '

(2.27)

- (1412)

(2.27)

(544)

(1.13)

(6e4)

(643)

(2.1).»

(5014)
(744)
(5478)
(604}
(1.2)
(5;13)

(2,5)
(341)
(7.2)
(3.2)
(3.1)
(21)

(548)
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mm Hg
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of

" Velocity component parallel to the

gensral direction of flow,

Velocity of air over a thermocouple,

Pctential appearing across thsrmo-
2ouple,

Velocity component normal tu the
general direction of fluw,

Specific volume of moist aire -

Velocity of dry air component in
direuvtion,

‘Velocity of éompénent crossing a

boundary,
Mass fiux,

Distance pa:"a’llel‘ to general dl*er‘tion

of flow,
Distance alaong thermocouple wire.

le fraction of water vapour in
moist air,

Distance alor .g fiat plate to sta.rt

. of heat and mass tra.nsfer bcundary .
' 1ayers. : _

Distance along flat plate to start
of mass transfer boundary layer.

Distance along flat plate to start

‘of heet ‘t*ansfer boundary layav.

Dn.st.am.e in d:.re.,m.on perpendlcular

to general direction of flou,

Distance parailel to heat and mass
fluxes,

GREFK_SYMBOLS

A Thermal diffusivity,

o Ratic of wet bulb depression to the
depressicn of 4 "stanaa-d“ psychro-
meter,

d Ascomodation coefflclent (A1ty and

R Mackgy).
“dab ‘Seebeck coefficient cf thermocouple

material a. with respect t: material
b -

Parametar exprassing the size of grid

in a finite differerce calculation,

{1.1)

(2.26)

(3,2)

(1e4)
(5.14)

- (1.9)

(1.8)
(1.3)

(1.4)
(2.1)

(5419)

(5.77)

(5,66)

.(5.65)

(141)

(1.3)

(7))

pe113

(342)

(2,16)
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Dimensionless specific humidity,

Incremental droplet radius (Fuchs),
Boundary laysr displacement thickness.
Tenspéfature displacement fhickness.
%ap&ration' cpefficient (Hickman),
Evaporation rate, A

Ratic of thermal and momentum boundary
layer thicknesses,

Dimensionless boundary layer distance
parametsr, ‘

Dimensioniess distance parameter for
humidity prafiles,

Dimensionless distance parameter fom
tamparature profiles,.

Dimersioniess distance paramster fcr
velcelity profiles, :

Temperature in thermocouple wire,

Dimensionless temperature ir beoundary
laysr,

Termperature of air in vicinity of hot
wire,

Part of thermocouple temperature which
ig indeperdent of 2¢ ,

Pax?. =f thermccouple temperature which
variss with X and €,

T emperature mementum thickness of a
bcundary layer,

Momentum thickness of a Bommda:rry layer.
Temperaturé of hot wire,

Function in an approximate velo:iny
distributison (Polhausern),

Ratic in whicn heau abssrbed at a
thermoccupie juncti:n is conducted
along each wire,

Absclute viscosity,

Parameter invciving the Peltier
ccefficiert,

Parameter in evaporation egatiomn (Richs).

Kinematiz viscosity of air at
boundary,

(£48)
(7e4)
(446)
(4e7)
Peti2
(7.7)

(5,76)
(5410)
(5.67)
(4.4)._

(401 )
(2.1)

(4e3)

(643)

(2410).
(2.9) 

(4e5)
(441)
(643)

(5472)
(242)
(141)

(2,7)
(764)

(5410)

129,

deg,

‘ degkK

deg

deg



Dimensicnless function representing

| g » § °T W . (5062) -
r Density, | | _ (145) xg/w’
f Radiss of sphere slightly large= than
, water drcpled (Fuchs?. : (7e4) m
T Shsar stress, - - {1.1) N/m2
t‘,‘ Mcdified temperature in thermocouple
wire, | (2424) cm 8
¢ Wsot bulb tempsrature ratic, Debds " -
¢(%) A functicn of temperafura. (5411) -
"f’ Msdified temperature in theﬁno_couple . 3
W I'e, : o (2425) 3
'+ Beundary layer stream ‘.t\mc.ti-:m. (5026)  ~
“l’ (W) A functiop of specif:i.c' humidity, (5411) | -
SUBSCRIPTS
a Refars t¢ dry air,.
v Refers to water vapour,
W Refers tu wall or boundary.
(- =] Refars tc bulkx fiow outside the

boundary layer.

OPEﬁATORS,

Inorement,

Increment,

Dif ferential wperator,
Partial differential opeiatsr.

Laplace transfcrm cperater,

v o Ao >

Laplace trasel:zm,

130,
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. APPENDIX 1

The following work was carried out by the auther while on
sﬁudy leave in Aberdeen, Scotland, The paper entitled "A mathematical
model of the Torry fish drying kiln" has been published as reference
1

I.]b Summary _

Proposed deveiopments of the Torry fisk drying kiln have led
to a need for a closer understanding of commercial fish drying processes,
In order to investigate the effects on fish drying of air velocity, air
temperature and humidity, and fish packing density, a mathematical model
of the kiin has been proposed, This model establishes partial
differential equations for fish weight, air temperature and humidity,
The model is applicable to the drying of othei‘ mgterials, A solution

is obtained numerically by standard finite difference techniques,

1 L cti

Fish drying in Britain underwent a change from traditional
natural draft dryers tc contrclled condition mechanical drying follow-
ing the development at the Torry Research Station, Aberdeen, of the
Torry kiln (f‘ig. 1) around 1940 (Ref, 2 ). The Torry kiln in its
present form comprises a closed circuit wind tunnel with provision
for heating and circulating air, venting to atmosphere and the
addition of smoke, The fish is hung in a more or less uniform

fashion across the rectangular cross-section of the kiln,

heaters  —chimney

guides -

trelley guidrs =
temperature

regulaters —
\
heaters  chimney flap
l fire dampers
hearth contral flaps
Fig, 1, Cutaway diagram of the Torry Kiln

(Crown Copyright Reserved).
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‘ Recently there.haé beeﬁ a trend towards autcmatic operation
of Torry kilns as a means cf optimising perfofmance and economy,
For this to be successful; a detailed knowledge of the effects of the
vﬁrious variable quantities associated with fish drying, such as air

" velocity, temperature and humidity, is required,

A considerable amount of investigation into the running of
eXiéting kilns has been carried out by the Research Station, This
work is of necessity limited to existing operating methods and is
subject to uncontrolled variaticns in atmospheric conditions; further-
-morey, it is not practicable to perform a iong series of controiled
experiments on a kiln producing dried fish in commercial quantities,
An alternative is to make a scale model of the kiln and investigate
the behaviour of the modei. ‘This has beén dons at Torfy, bub
experience has shown that results of'studies on models, or even small
commercial kilns, do not scale up readily to the larger kiins,

This paper describes the deVélopment of a mathematical mcdel

tc complement the exberimental work on model and prctotype kilne,

The mathematics is general to the forced air d:ying of materials in
which the internal diffusion processes can be described by Fick's law
of diffusion. The model is amenable fo computer solution and can
predict the separate effects of the various factors on the performance
of a kiln, A mathemaﬁical model also is capahie cf easy and rapid
modification in order to sﬁm@late real behaviour, Thus typical

cperating data can be input to the mathematical model and the model

prograssively modified to fit real kiln behaviour,

The Torry kiln is basically a closed circuit wind turnel wibh
a large rectangular working section into which trolleys of fish (usually
fillets hung vertically) are wheeled, Ai= circulaticn is maintained
by a fan and venting is provided which allows humid air to be exp-iled
and dry air or smoke tc be admitted, Air temperaturé is contrclled

by heaters, and humidity is contrclled by venting, steam admissicn and,
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in some cases, cooling,  Larger kilns (750 kg nominal capacity
are provided with a reheater halfway along the working section,
Operation is traditionally a batch process with»nearly constant
air condition maintained at the upstream end of the working.séction
throughout the drying period, There is usually some rearrangement
of the fish trolleys in the kiln during drying to compensate for the
upstream fish drying more rapidly than those in moister air fﬁrther
along the kiln, Neglecting this rearrangement, the drying process
may be described as a stresm of air, passing alcng the kiln through
the racks'of fish, absorbing ﬁater vapour evapprated from the fish
and thus becoming éooler and more humid, |

If a'particular fillet is considered, ths factors affecting
its rate of drying are the velccity, temperature and humidity of the
air stream passing around it, its shépe, surface area and moisture
content, Below a certain ﬁoistuna content, the processes 2f internal
diffusion and ﬁapillary action within thé fillet cont=.1 the rate of
migration of water to the surface of the fillet, This latter-state

1
M

is known as Ling rate ing'. Prior tec this, where there is nc
lack of free watef at the surface, ths drying is kniown as fconggggt
rate drying' (Ref, 3 ) o

At some time during the drying, there are fish near the up-
stream end cf the kiln dr&ing at "falling rate?! and fish further down .
the kiln, less dry, drying at 'constant rate's The mathematical
model of a &rying kiln mst be sufficiently detailed to provide for
this situation, |

In all such mathematical studies, the validity of the eund
result is depen&ent on the quality of the data and the vaiidity of
the assumptions inherent in the establishment of the mathematical
model, Most of the relevant information incorporated in the model
has been gleaned from a study by Jason on evapdration and diffusion
processes in the drying of fish muscle (Ref; L ) and ié thus
specifically for the air drying of fish, However, much of ths

mathematics in this paper islgeneral to other types cf drying;



indeed tc other problems involving the one-~dimensional simultaneous

heat and mass transfer of water vapour evaporating into air,

L4 The physical mode]

Having outlined the t'real! problem of the kiln drying of

fish, the first step in obtaining a mathematical model is to make

such simplifying assumptions as may be considered justifiéd. This

results in a physical model of the real problem.

It is hoped that

the physical model will be a sufficiently good approximation tc the

real situation to enable the solution of the derived mathematical
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model to be of use. The following is a list of simplifying assumpte

ions which describe the physical model:-

(1)

AA(ii)

(1i1)

(iv)

Flag. 2.

The working section of the kiln may be»cﬁnsidered a
rectangular parallelepiped.‘

There is no preferred difection of air flow other than
longitudinally along the kiln sc that the properties cf
air and fish are at all times constant in planes transe
Thus the

verse to the general directicn of air flow,

working section is considered one dimensicnal,

The ‘evaporation rate from the fillets may be calculated
from data of Powell and Griffiths (Ref, 5 ) exprassed
in equation (i8) beiow, Ths velocity used may bs

computed by dividiﬁg the air flow rate by the nst cross-

saction of the kiln,

The changa in air pressure along the kiln may be neglected,

dr[

] Brg
o ar

i -

S4g o T
ha irsn an

drn KA

—

[air ot

Heat fluxes associated with a section
of the kilno
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1 The Mg tic de

.51 Heagt b"‘ce.f constant and falling rate ing.
Figure 2 represents an incremental volume cf the kiln of
- length dx, A heat balance over this volume must include:-
(1)  The change in enthali)y of the air passing through the
volume, _
(2)  The enthalpy of the water vapour evapcrating from the
fish in the voliume,
(3} The _enthé.lpy associated with any temperaturs change of
the fish,
(4) Conduction, radiation and convecticn of heat through
the.wa.lls of the kiln,
It is assumed that item 4 is negligible when compared with items 1,
2 and 3, | |
In addition to the heat balance in the volume of the kiln
there must also be a mass balance which must include:-
(5) The increase in the mass of humid air\in the kiln,
(6) The quantity of water evaporating from the fish,
(7) The quantity of watar éondensing or dripping catc
the sides of the kiln, |
In practice item 7 is negligible in relation to items 5 and 6,
Thus, since ﬁass is conserved, the increase in the mass of humid
air is equal to the loss of mass from the fish,
.Consem'atic:n of total enthalpy in the incremental volume requires
that
§hy + Bap = 0 (1)
where ShA is the enthalpy change of ths moist air ,

ShF is the enthalpy change of the wet fish,
(ShA is associated with items 1 and 2 and§2 with item 3)e

The enthalpy of 1 + r units of mass of moist air may be written

(Ref, . 6 )

~

b =k + Th (2)



where ha is the enthalpy of a unit mass of dry air
(specific enthalpy of dry air),
h‘v is the enthalpy of a unit mass of water vapcur
(specific enthalpy of water vapoizx)
r 1is the mass of water vapour per unit mass of
dry air (mixing ratic).
The change in enthalpy of moist air in a distancs dx during ths
tims interval 4% resulting from a mass {iow rate L of dry air is

given by

' h
b, = ma%;dxdt .o (3)

Putting L, =W, the mass flow rate of water vapcur, differentiabing
both sides of equation (2) with respect to x and substituting ir

equation (3) gives

dh oh. om
= i —_— g ) - :
since & o .
X
If a Ypacking density? "'l is defined by the expressiun
M
n=2= -, (5)

whera M‘F is the mass at time % of fish in the incremental length

dx, this, since the rate of gain of mass of water vapour by ths moisth

air is equal to the rate of lcss of mass from the fish (c-;nsarvation

of mass) \
m

A Therefor-a
3% = _)-'?- . (6)
dX 2t

Let, the specific heats at constant pressure of dry air and water

vapuur be c__ and ¢, Tespectively and let ® be the mean temperat-
»

pa

ure ir the incremental volume, then
ML, 28
>x = “pa X ?

_ | (7)
and é.}?I —

3x  pa

1404
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The specific enthalpy of water vapcur may bs written as

6 . o
b, = j"pl ié + ueé) , (8)
- 6, :
where ::pl is the specific heat at constant pressure of 1iquid
water and L(6 ) is the latent heat of vaporisation of water at

temperature 6

g . ' . : am, 2h
By substituting in equation (4) the expressions ST ° -3,

5=

2h x dX
i and h_ given in equations (6), (7) and (8) and writing
L WE
by = oy Mp 5y
cen¥E 4 )
= CPF '7 b'!l dx du’

" where 2 oF is the specific heat of fish muscle at constant pressure,

equation (1) becomes o
| ‘ | 20 . 2N
(ma Cpa + mv c X - [jvpl dd + L(GF)] >t
- oF .
_. zeF - E (10)
+ CoF "I 5t = 0 . !

@ carries the subscript F in the latent heat term since this

relates to fish temperature,

Writing, as the mass flow rate of moist air,

G = m (v 1), | (11)

equatibn (10) becomes

G Y X | 3 XOF
»+ 1 (e ‘rcpv)s-;"[}cplde*l'(eﬁ\ig*Cqubt =0 . (12)

¢

It follows from equation (11) that

m, = 733G , (13)

which, on differentiating and substituting in equation (6), gives

1 ¢
ST e nZax T 0 (1

o



I.5.2  Constant rate drying
During constant rate drying, convective mass and heat
" transfer determine the evaporation rate at.the fish surfaée.
Powell and Griffiths (Ref. 5) in their classical work §n>evaporation,
measured evaporation rates from a satufaﬁed horizontal plane

V rectangular surface and presented_the results in the expression

o= s L6 x 10 b &% (1« 021 0%F)  (15)
s ‘ o - o ‘

where E- is the total rate of evaporation’froh a
surface of length 1 and breadth b (g sec™'),
P is the saturation Vapoﬁr pressure at the wet
tulb tempefature'(atm),
,'?»' is the paﬁtial pressure of water vapour (atm),
is the lengﬁh of‘the rectangular surface
parallel to‘direc£iqn~of air flow_(cm)?
‘b is the breadth of the rectangular surface
transverse to direction of air flow (cm),
w  is the ai:Avélocity (cm sec"j);
PowellA(Ref. 7)‘hgs showﬁ that the présence of ridées on
a cylinder can enhance evaporation fates by as much as 50 per cént,
while rates of evaporation from the downstream surface of a plane
rectangular plate ihcrease as ‘the plate is progressively inclined
to the air stfeam; the increase being 100 per cent in extrame cases.
Jasor. (Ref, 4), ir confirming that the data of Powell and Griffiths
(Ref..5) apply to rectangular slabs of more than a certain length,
demonstrated that the rate of evaporation is considerably.increased
locally by aii turbulence génerafed downstream of theAleading edges,
It is impossiﬁle with present knowledge to-incorporate such
effects analytically in the mathematical model, However, by
introducing an empirical shape factor C to allow for the consequences
of irregular gedmetry of thé’filléts, equation (15) may be written

in the form

E= Xk (pg-p) 5 (16)
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; , - n et
where € is the rate of evaporation per unit arsa (g sec™

om™) o
k. , %the mass transfer coefficient for a plane rectangular
surface of length 3, is multiplied by C to give a corresponding

valua for a fish fillet of

k= 2,415 x 1075 17002 (1 4 0,121 W0+%) . (17)

(A valus C'= 1,5 » based roughly on the above considerations, app“ears
to be reasonable when the numerical scluticn of the equaticns is
comi:;ared with real behaviour as shown belcw). |

The drying rate per unit length of the kiln may be related tc ths

evapcration rate per unit area of fish by the exprsssicn

whers g is the surface arsa of fish per unit length of the kiln,
Equatiors (1€) and (18) give an expxesswn for the drying

rabe during constant rate drying

R RO (1)

15,3 Falling rate _c_l_.ui_g,g-
| During falling rate drying, the migration of water within
the fish governs the drying rate, Jason (Ref. ! ) has shown that.,
- whatever the mechanism of difﬁxsmn involved, whether capiliary flow,
themal diffusicr, gaseous diffusion, viscous flicw of water vapour, |
surface diffusicn in a porcus medium, or molecular diffusion in a
solid medium the process ca.r\ be adequately described by an exponsntial
expressicr. relating the drying rate to the drying time, In the

falling rate period this behaviour may be represented by the expression

d

7c_7é=exp[-(u-t)/‘t]f~r*)t ) (20)

where t 1s the time from ccmmencement of drying, T 1is the drﬁng
time constant, and the subscripts c¢ and e refor to valuss at tha.'
commencament. of the faliing l’rate pericd and under aquilibrium
conditicns respsctively, Jason has measured T for fillets of

varicus sizes and from various species over a wide range cf temperature,



Differentiation of N with respect to t gives

Y A P/ |
5T = - -'(E':C-:-"a exp [~ (% - tc)/f] ‘- (21)
Te5el Detg;m;pgtioﬂ of the end of constant rate drying.

Constant rate dfying ends whén the processes of internal
dlfoalon of wate_ to tho surface of the flSh start to contrcl the
drylng. Jason (Ref. L) has proposed a method of calculating
the free water concentration at the surface.of a slab cf given
diffusivit} based on an analogous solution in the field of heat
tfamsfer (Refe 8 ). The difference between the free water
concentratioﬁ (CS) at the surface of time t, énd the initial fres

water concentration (C)) at the centre of a slab of thickness 2c

is
. ® o 2
6 o0 &2 VL1440 N Il T ) (a0y
LR S S A DN I Gl s FC0
c : 1 S
where £ is the flux of water at the surface, D is the effective

diffusion coeff1c1ent

Tason then proposes that, at the end of the constant rate
Ip riod as soon as there is insufficient free water tc saturate the
air clcse to the surface, the- concentratlon of water at the surface
rapidly approaches a value in equlllbrlum with the thldity of the
air stream, Ths equilibrium water content of fish muscle has been
determinsd by Jason at various humidities,

If Cé is thé éguilibrinm free water concentration, and t
is the timalat the.end of constant rate drying, thé evaporaticn
rate at the end 6f constant rate drying, €. , is given by

D(C ~C. /(D 1 2T 22
£c=_:~17—&/{-—‘22+-3-_1}.£ 1-2-exp( DT t Yo
. A e ' n '02

At t;ms tc, the fiux of water to the surface falls be;ow
the critical velus € , so that the diffusion of water to ths
surface can no longer support the ra‘e of evaporation corresponding

te the convective mass transfer from a fraee water surface as given

by squation (18),

144.
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L6 Solution of the n_gtg%ticg m§del

The,solution of the mathematical model requires the
solution of the non-linear partial differential equations (12),
(14), (19) and (21) so that the fish weight per unit kiln length

q', air temperature, 6 , and mixing ratio , T, are known for
all positions x, along the kiln at any time; t.

There are pécessarily initial and boundary conditions
‘applying to the equations, The boundary conditions chosen are
that the temperature and humidity of the air entering the working
space of the kiln remain constant throughout the drying process.
Thﬁt is:~_  | | |

st x=0, 6 =6, ,r=r forallt .

The initial condition is that the fish is uniformly wet and the
kiln is uhiformly loaded at the start of drying, -

That is at ¢t = d, n= ’7; for al1 x

where do is the packing density or weight of fish per unit length
of kiln at the start of dryinge. Theré is, in addition, a test
involving equations (18) and (23) which determines whether the fish
is drying under constant or falling rate conditicns,

It was found convenient in the solution to use the partial
pressure of the water vapour in the moist air p instead of the
mixing ratic r as a measure of humidity. These equations are
related by the expressicn (Ref, & ) |

r = Q;é%;;? 5 » (24)

where P is the total pressure of the air-water vapour mixturs,
With the substitution of equation (24), equation (12)

becomes

G (P - p) 736 L) .
Q622 S k21, .n¥E
(F-0.38p) |“pa’ Pegp Spr| sx~ " 3% ' ° = 0, (25)

R



: , € :
it being noted that j ¢ a6 &L L@ ,
Lt 9 .

F

and equation (1) becomes

3622 G P sp |
+ TI;Q:-S%W Sx = o . (26)

The foll:owing two.simplifications apply tc equaticn (25)

G(F/
*lo

o
%-E = 0 for constant rate drying ,

()
[ - = e for falling rate drying.

Equatior 25, together with the initial and boundary conditions and
the test for the end of constant rate drying (equaticns (19) and
(22)), represents the mathematical model in the form chosen as the
mest convenient for scluticn,

. The ‘sclution was oitained by using standard finite
differsnce approximations to the partial derivatives (Ref, 9 );
The finite difference apﬁroximations wers chcsen so that fhe
compatation proceeded in a marching faéhion;

| The computer prcgram Qas written in the Algel programming
language and run on the Elliott 503 machine at the University of

Tasmania, - A fiow chart of the computation is shown in figure 3,

RN Convergence of the solution

| The author knows of no way to predict thé convergence of
this solution anaiy%tically. That'the soluticn is basically stable
is demonstrated ﬁy the resuits obtéined. Tha convergence was
assessed by producing a number of solutions with the same data

excep’, that precgressively smaller time and distance increments

ware used in the finite differsnce approximaticns,

198 Effects not included in the mode],
The evaporation rate during constant rate drying is calcul=
ated from the results of Powell and Griffiths (Ref, 5 ) for a flat

wet plate, Although no attempt has been made to correct the

146,



147,

mathematical model for the effect of proximity of the fish fillets

~ to each 6ther5 edge and shape effects and the disordersd air flcw
conditicns undcubtedly existing.in the kiln, an empirical shape
factor C has been introduced, as moted above, ic allcw for thesa
factors; Although it is admitted that C is chosen tc represent
typical vaiues encountered when turbulent flcw is deliberately
introducad, it will be seen below that the results are in reasonablie
agreemert with the only.available experimental data,

The assumptions involved in the change to falling rate
_diying and the application of equation (2), impose a discontinuity
on the surface temperéture of the fish ab times t - tee In
:saiit% trara are temperature gradients along particular fillets,
with parts of the same fillet drying in the twc regimes, Tha
disordered flow conditions in the kiln énd lack of detailed knolwedge
of fish temperature precludes any attémpt to inciude these effects
in the model, -

The effecf'of shrinkage is also ﬁeglectedg but as shrinkaga
is only significant durihg the latter stages of falling rats drying,
and as dryingAin this pericd is computed from measured time constants
‘which must include any effects due to skrinkage, the omissicn of

‘shrinkage from the model appears justified,

I Regults
Computer rans to date have bsen confined t¢ a study of the
drying of haddoék fillets (Gﬁdug geglefinus) of a type known as
‘gciden cutlets’, A clcse study of the_dfying in commercial
quantities of this fish has been mads by Mr. RM. Storey of ths
Torry Research Sta£ion; whe has kiﬁdly given permission for his
va to be used in tﬁis faper. - The data_used in the computer

runs pertaining to the 750 kg Torry kiln and 'gelder cutlets! are
given in the table, | ‘

| Figures 4 and 5 reprasent the computer sclution with a

time increment of 450 seconds and a distance incrsement of 15 cm,
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11im,0) :=plilim,}
i1im,0] :=tfilim,?

YES

Er:msr:-r values of e[i 1], p[1,1] and tTi 0
to result locations in store
=+ 1]

ST OF IDENTIFIERS AND PROCEDURES

IDENTIFIERS: INTEGER

i Counter for distance increments
3 Counter for time increments
ilim . Number of distance increments
Him- Number of time increments
cndpt Counter to mark end of constant rate drying
delto " Number of time increments between results printout
ARRAY ' _
e(i,J) Vvalue of fish weight/unit kiln length,q,after)
. time increments and 4 distance increments
pli, Value of partiol pressure of water vapour at [i,))
tf1, Value of air temperature at (i,
etao [ Value of % at end of constant rate period at [i)
I OCEDURES : :

COMPCR (1. ))Computes values of eli,i] p x.n.q
. and ti+1,]) during constant rate period
from values previously computed,

COMPFR (i, j)Computes similar values during
falling rote period,

TYPE BOOLEAN

ENDCRP (1,) Hus the value TRUE if the constant
rate period is finished, otherwise is FALSE.

e o i

Fige 3e Flow chart of computer program.
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© Several s§mewhat unexpéuted'features emerge from these
results. The'rate cbtaining in the'so-célled ’coﬁstantvrate
period! is only conétanﬁ»ét the upstream end‘oi the kiln (Fig.4(a).)
Due to the varying condition of the air further dewn the kiin
folloying the-change tc falling rate dr&ing at the upstream end of
the kiln, the fish further down the kiln dries rather faster than
at constant rate, although 'ccnstaﬂt r&te‘ 6r more strictly
-'convection governing! cpﬁditidns applye Apothér featurs which
is somewhat‘puzzling at first'view is the chahge in.temperatures
and humidities at éll Stations'aiong the kiln at the same time (about
6~hours).(Figsgz(a);A(bD'regardlesé of the progressive cnset of
'falling rate! drying as indicafed in figure A(a), This is ex-
plained by the faét that the temperature and humidity st each staticn
remain constant with time only so long as all the fish in the kiln
is drying at constant rate, This occurs while the station at .the
upstream end of the kiln dries at constant rate. After this (i.e.
after 6 hours in figures 4 and 5.) the air reaching stations further
1‘along the kiln is rather dryer than previously (ihﬁicatéd by a
decrease in vapour pressure in figure i{c) ‘and an increase in temper-
ature in figure 4(b)) and so, whilé these stations are still drying

under !convection governing' conditions, the air properties ares

changing,

R.M. Storey (Ref., 'ﬂ» in his work on the drying cf 'gelden
cutlets! presents two graphs, One is of the effect of drying rate
of variations in mear wet bulb depression (Fig, 6) aﬁd the other
givas the effect of changes in kiln loading (Fig, 7)e Figures 6
and 7 also show similar curves obtained from the computer sclution
using the data given in the table, togsther with the apprOpriateA

values of upstream humidity and initial loading,
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Fig, 4e Variation with time t at various distances x/L along
kiln of : (a) fish weight per unit kiln lengtnh 7 ,
(b) dry bulb temperature 6 , (c¢) partial pressured
water vapour p . Numerals on curves indicats
values of x/L, :
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Fige ¥e Variation with distance x/L along kiln at various

' times t of: (a) fish weight per unit length n .
(b) dry bulb temperature € , and {c) partial
pressure p of water vapcur, Numerais on curves
indicate values of t (hr). ‘




figurss 8 aﬁd 9 show thé_éfféct on the dryirng rate of
variaticnsliﬁ air temperaturs and fish thiékness.. The drying
rate is expressed as a percentage of moisturs lost per hour and
is computed on'the basis of a mean 13 per cent reduction in fish

weight over the entire kilr, this being roughly the normal wwight

loss in the drying of 'golden cutlets',

Thers are several extsnzions to the physical and mathemat-
ical models which would meke the predicted characteristics more

realistiz, The effects of reheating midway along the kiln, as is.

practised in larger kilns, ard of changing the order of the lcaded -

trolleys within the kiln during drying, ccuid be included,  The
modsl could be readily extenaed to fatty fish by the inclusicn of
a fat content term in the diffusivity, D, o (Refs 11 )e A
'mpre'complete simulatioﬁ could be achieved by including the effects

of varying upstream conditions during the drying cycls,

All these improvements will probably oz necessary befors
achieving Uhe eventual aim of this study, the selaction of optimum

operating conditions for automatic comtrcl of fish drying kilms,

‘The‘ﬁacillty for varying the temperature and humidity of
the air in a kilh throughout the drying cycle has been developad
at the Tcrry Researcn Station, The immediate applicati$n of
this medel is in the selection of a control program for economical
auvtomatic operation of the Torry kiln for particular drying_

processes,

1,12 Conciusion

The reascnable agreement between the actual and computed
betaviour of the dryihg situation examinag, gives encouragement
that the model will produce a easonable prediction of many drying

precesses with similar geometry to that selected for the mcd=l,
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Fig. 6e Variation of drying rate with wet bulb depressizr.
o » computed; v , measured,
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Fige, 7¢ Variation of drying rate with kiln lcadinge.
Key as Fig, 6.
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NOMENCLATURE FOR APPENDIX I

Significance
Breadth of rectangular surface
transverse to direction of air
flow

Shape factor

Equilibrium free water concentration

Initial free water concentration

Free water concantration a% surface-

of fillet
Half thickness of fillet

Specific heat of dry air at
constant pressure

Specific heat of fish mscle at
congtant pressure

Specific heat of water vapour at
constant pressure

Specific heat of liquid water

Effaective diffusion coefficient
of water in fish muscle

Tctal rate of evaperation {rom a
surface of length 1 and breadth b

Mass flow rate of moist air

Enthalpy of 1 + r units of mass
moist air

Specific enthalpy of dry air
Specific enthalpy of water vapour
Enthalpy of moist air

Enthalpy of fish muscle

Overall mass transfer cocefficient
for surface of length 1

Latent heat of vaporisation of
water at temperature

Length of rectangular surface
parallel to the direction of
air flow

Mass of fish muscle in length dx

Mass flow rate of dry air

Mass flow rate of water vapour

tio

15

17
23

22

15
11

NN

16

155.

Units

cal g'1 ¢!

cal g'1 ol
cal. g"1 ¢

-l
cmz sec

g sac™

g soc™

cal g-1

cal g"'1
cal g-1
cal

cal

g sec™! cn™?

g sec

g sec™ |

at



~ Integer
Pressure of moist air

Partial pressure of water vapour

Saturation partial pressure of
water vapour ' '

Mixing ratio of moist air, i.e.
mass of water vapour per unit
mass of dry air '

Mixing ratio of moist air enterw
ing working space :

Time

Time of comméncement of falling

rate period

-Air velocity

Distance,along kiln

20
15

atm
atm

atm

secC

sSec

cm sec
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d

GREEK SYMBOLS

Significance
Evaporation flux

Evapofatioﬁ flux at end of
constant rate period

'Packing density! - mass of fish
per unit kiln length

'Packing density! - at start of
falling rate period

'Packing density' under equilibrium
conditions

'Packing density?! at start of drying

~Air temperature

Fish temperature

Dry bulb temperature of air enteriag
kiln ‘ §

Surface area of fish per unit
length of kiln

Drying time constant -

OPERATORS

Increment
Partigl differential

Increment

20

20

18
- .20

157,

sec
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TABLE
DATA
DRYING KILN
Length A B - 4s00m
Cross section area (unloaded) - 3,07 Iﬁz
Cross section area (loaded) - 2422 n°
Nermal load of wet fish - 1000 kg
Air fiow rate B © = 5433 0 sec™ .
Mean velocity | ' = 2449 m sec"1

Typical condition of air at up-
stream end of kiln working section - 60% R.H, at 27,2°C

FISH ("Gelden Cutlets")

Mean weight . - o . = 0s27kg
Approximé.ts size : length | ) - (e23 m
- thickress ~ 04C63 m
width - 0122
e AS a.. N bk ' § 2 s ¢ ' e . -'ﬁ"'10 R -
ss diffusivity of waler in fish - 3,25 x G m- sec
at 307C
Appx?oxmat-é -drying time constant - 544 x 104 sec

Equilibriun moisture content of fish

ab 108 RH. ~ = 4.5 kg H,0/100 kg bone dry solid
20% R.H. - 742 kg H,0/100 kg bone dry solid
30% RH, = 8,8 kg H,0/100 kg bone dry solid

LOF RH, = -'11‘.7 kg H,0/100 kg bone dry solid
50% R, = 14,0 kg H,0/100 kg bone dry solid
60% RH, = 17.2' kg H20/1oo kg bone d;ry solid
708 R.H, - 22,0 kg H,0/100 kg bone dry solid
80% R.H, - 31,0 kg H29/‘1 00 kg bone dry solid
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APPENDIX II
1T Drying. of wet asbestos sgheeting.

This is a summgry of work carried out by Mr. J.M, Eyles
as part of the requirements for an honours &egree in engineering
at the University of Tasmania. . The work was carried out at the
suggesticn of the:author and under his superviéion. No- attempt
will be made to delineate the regions of reéﬁénsibility for the
work except to point out that gll the experimentation and measure-
ment was performed by Mr, Eyles, -In this sﬁmmary the connection
with previous work on fish drying, as well as the boundary lgyer

measurements, is discussed.

IL,1 ___ Purpose of the experiment.

. The work on fish drying (Appendix I) showed that Powell
and Griffiths' data (Ref. 1) on the evaporation from rectangular
surfaces, aré not a good fit to the drying of fish fillets, There
are complications of shape, the offect of the leading edge of the
fish fillet causing a disturbance to the airflow around the fillet,
and the effect of having several fillets in close proximity. In
order Lo investigate the two last méntioned effects, it was propesed
tc study the drying of rectangular plates cut from asbestos fibre
sheeting, ‘

The considerations leading to the choice of asbsstos fibre

'for the drying study were first, thé ability of the sheeting to
absorb a considerable quantity of water (about four times the dry
weight) and secondly, because the water is held rather loosely in
the asbestos fibre matrix and is not to a noticeabie degree
absorbed into the fibres, there is little resistance to the flow
of water to.the surface, thus giving a considerable drying time at
constant rate, As mentioned in Appendix I it is the constant rate
‘drying period that is effected by the air flow and humidity, Once
the internal diffusion procésses start to govefn the flow of water
to the surface, the air flow and humidity have no influence on the

drying, Thus, apart from the shape factor, during constant rate
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drying the wet asbestos dries in the same manner as wet fish, or

any other wet substance subject to similar patterns of air flow,

11,2 Appargtus.

The experimentsl work was carried out in a reciangular
section of a wind tunnel (cross section 2 ft, x 1 ft,), supplied
from an air conditioning plant, The plates of a.sbestosAeheeting
were rectangular, 104" x 6" x 3/16" and loosely mounted in light
aluminium racks, 16 plates to a rack so that the plates were
uniformly spaced over the cross section of the wind tunnel, Four
such frames were swung from beams and spring balances as shown in
figure II,1. The éuspension system made it possible to weigh the

racks whilst in the tunnel.

WEIGHTS
1
\V)
payl
v
<<
\
ASBESTOS SHEETS
/
/ -
~

24

SPRING BALANCE

Fig, 11,1, Arrangement of racks of asbestos sheeting
: in air conditioning tunnel,
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Air flow was measured by a calibrated beli mouth at the
entrance to the sir conditioning plant, Velocity gradients and
boundary layers were measured with a hot wire aneinométer and the
same pfobe was Aused as a registance thermometer to measure local
temperatures, Humidity of the tulk air flow was measured with a
fully ventilated wet and dry bulb psychrometer, and locel mmidities
were found with a wet ;bhermo'couple psycﬁrométer. "Thenﬁocouples
let into the asbestos sheet gave a meésu.re of the plate temperature -

during drying.

153 Megsurement of drying rates.

In the first set of measurements, the racks of asbestos
sheeting were placed one behind the othar in the wind tunnel.
Drying rates were recorded for each rack, Thé results are here
presented as a plot of the drying rate against the differénce
between the saturation partial vapour pressure at the surface
temperature and the .pa:rt.ial vapour pressure in the bulk flow,
(Figure 1I,2,) A typical drying curve of rack weight against

time is shown in Figure 1I,3.

18—

DRYING RATE. (ib/hr)

I R

12 3 14 15 16 17 .18
PARTIAL PRESSURE DIFFERENCE (psi) -

Fig, 11,2, Variation of drying rate with air humidity.
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o
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pY4
Qlof—
Q:» ‘ ‘ ' S o
5, / 2 3 4 s

DRYING TIME (hours)

‘Fig, 1I.3.  Typical drying curve,

Features that emerged ﬁ-on; this pfeliminary study were the
relatively high drying rate of ‘bhe_upstréam rack and the confused
éituation downstream where racks were observed to dry faster than
those further upstream in presumably less humid air,

A further series of experiments with metal fairings attachad
to the leading edges of the plates in the upstream rack gave drying
i'ates closer to those of the dowmstream. racks and closer to those
predicated from Powell and Griffiths' data (Ref. 1.). This showed
that the shape of the leading edge has a considerable effect on the
drying rate, |

The non-uniformity of drying rates of successive racks was
found to be due to a slight misalignment of the sheets, The
asbestos had a tendency to buckle out of its plane when wet, This
_had the effect of moving the buckled plates into the drier air out-
side the wakes of the sheets upstream, and thus incre'a.singh the drying
rates of the buckled sheets, This wake effect was investigated in

some detail, both by measuring the detail of the flow within the
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weke of drying plate and by staggering the plates in successive

racks so as to place them outside the wakes, It is possihle, by
staggering the racks to obtain an increase of 15% in the drying

rate over that with the sheets in successive racks in lins,

O O FIRGT RACK /.0
¥ SECOND
Q THIRD W
O FOURTH
PS5 95
9| .9
SHEETS IN-LINE SHEE TS STAGGERED
———=— 0 — . =
85—~ BS—"—"
| i\\i b
Lo N,

o .5 [ (5 2 250 .5 [ i5 2
DRYING TIME (hours)

Fige 11,46 Effect of staggering sheets,

1L/ Plate temperature yaristion.

' | Eight copper constantan thermocouples imbedded in a plate
in the region within one inch from the 1ea.ciing edge weré used to
neasurs the plate temperature during drying, Figure II.5 shows
the variation of plate teinperatlme during a typical dry:l.ng run,

It can be seen that the plate temperature rises to close to the
wef bulb temperature of the bulk air flow shortly after the run

is commenced. (The plaﬁes were immersed in water at a temper-—
ature lowsr than the wet bulb temperature of the surrounding air
prior to the run), The plate temperature remains close to the
wet bulb temperature until about 3,5 hours of drying, then increases
rapidly, This increase corresponds to the change from constant
to falling rate drying. The increase 1n temperature starts when
the_difﬁxsion processes in the asbestos control the flow to the

surface and the surface becomes dry,
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THERMOCOUPLE POSITIONS

0 4 FROM LEADING EDGE
"
v _§ % " nA
)
a1*

(8f—

1) u

SURFACE TEMPERATURE (degC)

WET BULB
TEMPERATURE

I S N

3 4 5 6
DRYING TIME (hours)

Fig, 11,5, Variation of plate temperature during drying,

Il Velocit: t ture distributions,

Velecity and temperature distributions were measured both
in the region between two plates and in the wake downstream of the
plates, A ,0003" tungsten hot wire anemometer was used tc measure
local velocity, The same wire was used as a resistance thermometer
to measure local temperature, Velbcity and temperature 'prof:Lles
across the wake about one plate thickness downstream of ﬁhe trail-
» ing edge of a plate are shown in Figs, 11,6 and II,7. It can be
seen that the effect of the presence of a plate is limited to a
wake i'egion larger in size than the plate thickness by the width

of the boundary layers on each side of the plate.
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SHEET POSITIONS

VELOCITY (ft/sec)
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11,6, Velocity across wake,
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I1.7. Variation of temperature across the wake,

The velocity and temperature distributions, together with
the wet bulb temperature distribution, werse i.ntégrated across the
wake to find the mass flux in the wake, The difference between the
mass flux across the wake and the mass flux in the air upstream of
the plates, was in reasonable agreement with the drying rate found
from the change in weight of the racks,
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The velocity and temperature pl;ofiles in the bﬁundary layers
at various distances from the leading edge of a plate are shown in
figures 11,8 and 11,9, It is apparen‘b-that there is a considerable
disturbance to the flow within about three plate thicknesses from the
leading edge., Smoke was injected near a large plate with air velocity
at the séme Réynolds number, and showed a separation btubble in this

region,
O 5 10 I5ft/sec —
Velocity Scale Ll 1 | @
- m_ &
- - - -3
W
9
g
c
-~ P~ - QL.
-
15
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O
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Fig, 11,8, Velocity profiles along plate,
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-l
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]
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Fig, I1.9, Temperature profiles along plate,



168,

Aerodynamicists have used a "china clay" technique for many
years to provide visual evidence of regions of boundary layer trans-
ition and separatibn (Ref, 2), The technique is to coat the oﬁject
to be tested with a black paint, then with china clay (kaolin), The
china clay appgars transparent when a suitable liquid (such as methyl
salicilate) of approximately the same refractive index is sprayed onto
it allowing the black color to show through, As the liquid evaporates
the china clay becomes opaque.and white patches appear. The speed abt
which the colour change takes place is a measure of the evaporatibn. |
rate of the dope, It is thus obvious (although it does not seem to
have been widely used for this purpose) that this technique directly‘
measures mass transfer but with the different liquid,

A series of photographs of a wooden plate treated with china
clay and placed in a wind tunnel with air flow at the sams Reynolds
mumber as in the ésbestos sheet drying experiments.showed that there
aré considerable vari#tions in the local mass transfer rate in the
separation region, Figure 11,10 shows Mr, Eyles"éstimate of the
variation in local mass transfer rate with~distance along the plats,
obtained from measurements of the intensity of the colour change of

the treated plate, The absissa of Fig. II,10 is the ratio of the
evaporation rate at the particular distance from the loading edge to the

evaporation rate 15 plate thicknesses downstream from the leading edge.

20—

_Laminar boundary layer

o >

05

Reattachment zone

- -, it L
N

- LT
Separation)
bubb:s l

0 S /0 /5 20 25
DISTANCE FROM LEADING EDGE (plate thicknesses)

RELATIVE EVAPORATION RATE

Fig, 11,10, Variation in local evaporation rate along plate.
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Downstream of the separation region, the flow is nearly
laminar as evidenced by the closeness of the measured boundary -

layer velocity profiles to the familiar Blasius solution (Ref, 3),

IL6 _ Wet bulb temperature distribution.
A wet tulb thermocouple was made by wrapping cotton around a
. copper constantan thermocouple of wires 010" diameter, Thé cotton
wick was kept moist by continﬁiug- the cotton into a reservoir in the
’thermocbﬁple support, Due to thé relative roughness of the asbestos
' sheeting it was not considered necessary to make use of tﬁe extreme
spatial discrimination of the .ther;ﬁocouéle psychrometer de.scribed in
Chapter 3.l Measurements of ﬁhe'wet buib temperature within the
boundary layer, wake, sepaiating region and bulk a.:Lr flow at various
stations showed that nowhere in these regions does the measured wet
bulb tgmpe:a.ture differ by more than 0,1 degC from the wet bulb
temperature of the air entering the t.unnei. Due corrections were
ma.de to the i'eadings of the wet thermocouple for measurements ‘in slow
moving air within the boundary layers using the data of Wylis (Ref. 4).
The constancy of the wet bulb témperaturé is in marked
contrast to the measurements with the thermocouple fzsychrometer
above a flat plate described in Chapter 4, The reason for this is -
‘the adiabstic nature of the drying of the asbestos sheeting, After
the first fow mimrtes of drying practically no heat is conducted
from the surroundings to thé asbesfos plate, All the heat required
for the phase change ié convected to the surface from the air strean,
The asbestos plate, the air within the boundary layer and the bulk of
the air flow all have the same temperature of adiabatic saturation
since the conditions of the experiment closely correspcnd to saturate
jon of the ai stream at constant enthalpy (Ref, 5)s The temperatura
of adiabatic satux;a‘bion can be shown to be very close to the indicated

wet bulb temperature of a fully ventilated psychrometer (Ref, 6.).



This aspect of drying can lead to a much simplified model
of the drying process, provided the d.ryi.ﬁg material is thermally
insulated from its surroundings and is thersfore at a tempefature
close to that of the wet bulb temperature dui'ing the constant rate
drying periods The model of the drying of wet fish described in
Appendix I exhibits this propérty of constant wet tulb temperature,
as could be expected as there is no provision in the mdel for heat
conduction ito the wet fish, It would simplify the calculation of
the drying rate of wet fish, during the constant rate period, to
use the property of constant wet bulb temperature in the model
‘together with the heat balance ins‘béad of using béth the heat and

mass balances as in the present model.

11,7 Summary,
Measurements of the constant rate drying of wet asbestos
plates in a controlled humidity wind tunnel have shown that the

shaps of the leading edgé of the wet body has a marksd effect on
the drying rate, There is also a reduction in evaporation if a
| plate is in the wake of a plate further upstream, A detailed
investigation of the flow near a square lgading edge of a wet
plate hé.s shown that there are iraria.tiohs in the local evaporation
rate in this region due to separation of the air ﬂov. The china
clay technique §£ aerodyrsmics has proven a Ausei‘ul tooi for the
investigation of local variations in the evaporation rate,
Despite the complicated flow around arrays of bluff wet plates,
the wet bulb temperature was found to be constant throughout the
drying space, This feature is due to the lack of heat reaching
ths wet platos cther than thab convected to the plates from the
air stream, A model based on constant wet bulb temperature
would simplify the calculation of drying rates in gimilar

situations,

170
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11,8 A;ggpggedgggpnﬁ,

. As mentioned in the introduction ﬁo this appendix, the
experimental part of this project was carried out by Mr. J.M. Eyles
for his Honours Degrée in Engineering at this University, Because
of the close connection of this project with other topics of this
thesis, the increased understanding of drying processes that has
resulted from this study, and the need for a permanent record of
this work, it has been inciuded here, I would like to thank Mr,

Eyles for his permission to include this report,
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APPENDIX III
I111,1 Iwo models g: the thermocouple DSy chrometer.

Two models of the thermocouple _ps&chrome‘ber are here
included to giﬁe weight to the arguments concerning the efficacy
cf the psychrometer given in Chapter 2, The reason for using
two mo&els is to span the real geometry bf the thermoc;ouple‘
junction, The junction comprises two wires of different dia-
meters joined by an irregular blob of silver conducting paint,
When cooled; the junction and parts of tha wires are wet by
condensation of moisture from the surrounding air,

One model is that of two wires butt welded together and
wet for a certain distance from the junction, The other model
is of a sphefiCal water droplet supported on two dry wires, The
geometry of the real thermocoﬁple psychrometer liass somewhers

between these two models and is approximated by both,.

GZL

i

wires wet L

il

AMOOUSONONMNUMANNNNY
ANVARHTRRRRRNANNL

Fige 111, Mcdal of twe wires butting.

1112 Mcdel of two wet wires butting,.

The model is shown in Figurs III.1, Two wires, onme of
bismuth and the other of bismith-tin alloy (lengths €,, and €,
respectively) are btutted together at one end while the other ends
ara joined to ‘tﬁo heat sinks, corresponding in the real situation
to the supporting wires, The wires are both wet distances $,
and s, from the junction, These disbances are datermined by the
intensity of the Peltier ccoling and the state of the surrcunding

air prior to the operation of the wet junction as a psychrometer,

173
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It is hers assumed that the wires are wet uniformly to a distance
ﬁ'{;m the junction at which the tampei‘ature of the wire reached the
dewpoint of the surrounding air durir_xg cocling,

During the Peltier cocling of the junction, the steady
state temperature of one of the thermocouple wires abt a distance

x from the junction is given by Ref, 1);
—alx '

. T
6 = \,Pie _ &f | (1)
where is the resistivity of the wira,

is the Peltier coefficient of the junction,

is the current,

f

P

<

B‘w is the thermal conductivity of the wire,

A is the cross sectional area of the wire,

O- is the circumference of the wire,

h is the surface heat transfer coefficient of

the wire,

kg

is the proportion of heat conductod to ths
junction along that wire, \ + A =1
and. AN is given by A = h a

RwA
The heat conducted to the junction from a particular wire is
q/i = &N A (é'g = - >‘l Pi. (2.)
¢1' A=oO

Thus the total heat conducted to the junction is
W: q/.-v-wz = —()\.-t-)\lspi. = — Pi. (3.)

Thuis the boundary condition that the heat absorbed at the junction
through Peltier ccoling should be PA is satisfied by equation (3.).
The temperaturs of the junction is found from equation (1.) with

X =0 tc be

0= MPL__ . &0 - AP b
\/EN,AJ”.G-. h.OscAl ,E%A; ;;‘0., haQa Az




which, with /\, + Az"' becomes,

A'I L & b o =l +£"[—g'- - & ]-(5.)
,{Eu,ﬂ.h.a, ' J&v‘;Aﬁh\.a't J&utA:"\,Q‘ P OAJ'), Q;‘; P
Thus A, and M, can be determined, S, and S are found by
putting @ = @4, the dewpoint temperature, in equation (1.) and
solving for ¢ , At the end of the cooling period, the situation
of the junction and wires aré as shown in Figure III,1, with the
wires wet for distances S, and $, from the junction, It is
ccnvenient to assume that all the wet parts of the wires are at
the temperature e e In reality fhere will be a temperature rise
from tha junction to the point at which the wire is dry, bub
provided the heat flux alcng the wire is small when compared with
the evaporative and convective heat fluxes (as is shown below to
be the case for S, and  $, sufficiently large), the temperature
rise is negligible,

The différential equation for the heat fluxes associated

with a wire convecting heat to is surroundings is

46 _b'6¢_0, were b= [ha (64)
A=t kA

With the boundary conditions 8 = 65 at x=$ ’
and @ = O ab x=e, o (7.)

the sclution to equation (6) is

' 2b¢-bx bx
6 = 97 (e - e ) . (8.)
ezbz-bs_ e-bs
The heat conducted in the wirs at X::$ is given by
2bs-ab¢
q, = & A(de) = _RNAbg:r lre ’»\‘:-& ABOJ (9.)
! N B LS |_e:'\”°2»b¢. w J ¢
borr €775

The heat convected tc the wire between & = O and X= % is givea

by
‘Cyz = l’\&-QTS . (10.)

175,
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The heat lost through evaporation from the wet wire is

Yy = Lo s.hn 6C | (11,)

A heat balance over the wet sections of both wires from X = $; to

- X =S, gives (h. o s, + "';%5;) 65 =

LoC ( hm.a.s' -~ hmta-;sz)‘ - 93'( &“lAlb' + thsz . (12.)

Equation (12,) is a relation between the wet bulb dép;'ession teniperat—
ure ¥y of the junction, the absolute humidity 8& of the sun'ounding
air, and $, and S, the lengths of wet wire. Thus for particulai‘
values of 9, and $3 , equation (12,) can be used to give values of

the psychrometer constant 4 .

'[_ la. | Z.
7 l #
ﬁ 9
7 7
~ &
37 ¢¢ (> f a—
L / “
4 water droplet ‘/&'/ 7
A A
Fig, I1I,2,  Model of spherical water droplets
I1I.° Mo £ heric ter droplet at the junction.

The model comprises two wires, one of bismuth and the other
of bismuth~-tin alloy, One end of each wire is joined to a rela.i'.ijre],yr
stbuﬁ support which acts as a heat sink at the temperature of the
surroundings while the other two ends are joined tc form the thermo-
couple junction. The junction supports a water droplet of approx-
imgtely the size of the blcb of silver condﬁcting paint forming the
real junction, The model is sho§n in Figure III,2, The variation
of wire temperature with dista.nce from the junction & is found froﬁ
the dii‘fereﬁﬁial equation for heat transfer from a wire (equation 6)
with the bounda.ry conditions 6 =0 at X=0 and @ = 93 at

x = £ ., The solution is; |

9 = 93‘( e—_—_-——b"_ eb") > | (13.)

e—bl_ ebL

where b = [ha

ka
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The rate of evapcraticn of a spherical droplet in a moving
air stream has been mesasured by Frossling (Ref, 2) and can be
expressed non-dimensionally by

Sh = 2 (I + 0276 Re‘kSQ%) . (144)

The rate of heat transfer from an isolated sphere has been
determined by several inveStigators. According to reference 3, the

- expression
Ne = (027 + 068 Re¥)P,°2, (15.)

applies to forced convection to or from spheres in the rangs of
Reynolds numbers ! £ Red lOs. Reference 4 gives the following

relation for low Reynolds numbersRe4 20 ;
No = 2.0 + 033 ReE | (16.)

The heat conducted to the junction from the thermocoupls

wires can be found by differentiating equation (13)s Thus

' be -b2, . :
?w =-&A($‘?&)‘x-€ - &Abgy(:b;e_“) & &Abojo (17.)

The heat convected to the cold junction from the moving air

stream is l;: = h,q;ga_, where Agis the surface area of the sphere,
s

The heat required to evaporate ths water vapour from the

sphere is
de = hm, L As BC (18.)
Thus a heat balance for the sphere can be written as

Ve= % Yuu™% o

or hms L A AC_ P~ gf(&‘A‘b'.‘- &’Aibz"' hSAS) . (200)
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Equation (20.) is used to detarmine the reiation betwsen 9-; and
B¢ for several values of the droplet diameter d¢ , and thus to
determine the variation of the psychrometer constant with the

droplet diameter.

ITI A Cg;,g‘ggtglong.
" Data applicatle to both models.

Wire material : blsmuth bismrbthetin

Wire diameter - 2,0 x 10 1;.0 x 10™°n
Thermal conductivity | 8e4 W/m deg. 5.0 W/m deg,
Length | 2,0 x10%m 2,0 x 10™n
Adr velocity 145 m/s
Air temperaturs 20 dég.

Data apj;lica.ble’ to the model of two wires butting;

Wire resistivity 1,065 x 10~%n 2,70 x 10~n
Peltier coefficient ' :

at 0°C - 2003 oV ¥ 9.3V
Cooling current : 2,9 mA

III.-’&.1 Mogel of t‘dg Hg. a8 bgttg Lo
The convective heat transfer from a wire to air for ths
range of Reynolds mumbers 0.1 to 1000 can be found from the

dimensionless equation (Ref, 5);
2

0.5
Me = 0-32 + 0-43% Re (21.)
The more general expreéssion containing the Prandtl number

is

033 052
Ny = 032 + 0482 P Re (22.)

The Reynolds numbers for the bismuth wire and the bismith-tin wirs

are 2,0 and 4.0 respectively,
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The mass transfer cosfficient h'fl is fouxd from tha

expressior. analogous te equation (22,) viz.,

033 0.92
h.got = Sh = 032+04825, Re . (23,

From the expreésions' for Nm and Sh , together with the values of
the wire Reynolds numbers, the Prandtl and Schmidt numbers and the

thermal conductivity and mass diffusivity of air, there results;

for the bismuth wire, for the bismuth-tin

A_wire.
Nussel: mumber Nun = 0-9306 12085
heat transfer 3 2 -
coefficient h = 12x10 WIm‘deg T13x 10 w'm‘d
Sherwosd number Sh = 0-%04 155
mass transfer .
coefficient h, = 13 ms I 44 m*ls

The fractions of heat M, 5 and A\, conducted to the thermocouple
junction from each wire during Peltier cooling ave found by substite
uting the appropriste valuses into equations (5.) and (3.). There
results A= 03g1andA=0-b19, The lengths cf wetted wire are
found frem equation (1,) with & =64, the dsupcint temperaturs of
the surrounding air, fypicall,y, with the ,junctionl clcss to an
evapcration surface during cooling, the dewpoint depression Qd is
0-5 degC, In this case, substituting into equation (1,) the
values of the variables for each wire gives$S, = l-%x|54m and
Sa= 3»!:54 M e .
Equation (12 shows that the operation of the thermocouple
junction as a psychrecmeter depends on the lengths of the wet wires,
By varying the cooling current or the distance from the evaporating
surfacs to the region in which the cooling and wetting operation is
performod s it is possible to produce different amounts of wetting.
For this reason, the value of the ratic ‘/bc, s Cbtained from
equation (12,), is calculated for various values of the length of

the wetted wire § , taken as equal for both wires.
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Ths psychrometer constant A is glver by

A= sk o o

P8y = Or (Pm>
The value of the ratic (P—Q-b) varies with temperature and humidity,

(24.)

but typically at around 21 degC dry btuldb and 13 degC wet bulb, the
ratio has the value 124 m’[ kq . The values of the psychrometer
constant A for various values of $ , the length of wetted wirse,

for this particular wire size and ambient temperature etc, are shown

in figurs II1I,3,

004

003

002

.00/

e P Y VS gem (e ewe  Gee G Smmas

PSYCHROMETER CONSTANT (degC™)

v /0 20 30 40 50
RATIO OF WETTED LENGTH TO WIRE DIAMETER

Fig, II1,3, Effect of the length of wet wirs,

I1I..2 Model of g wsater droplet ab the junchicn,

With a droplet diameter of 1005 M , the droplet Reynolds
mmber is le=70,  The Sherwcod mumbsr is given by equation (14.)_
and is found to ba Shw= 323 , giving a valus of the mass transfer
coofficient hy= 1MSm[s ,  The Nasselt number Nu éﬁlcula‘oe’d from

equation (15.) isNe=2§, while that calculated from equation (16s)
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isN,=287. Using the average cf ths twc valuss of the Nusselt
number, the heal transfer c.efficisnt is found t2 ba hs“‘ 9-!8(!3»1 lm’dgg,
These valuss, when substituted intc equation (20,) give a value of
the ratic

9 = s12x10 deog m’ kg .

be , ‘
The chcice of droplet size used in the calculations above is quite
arbitrarye The calculation was repeated with other valuss of
droplet diameter and the results presented as figure IIl,4.

00/5

.00/0

0005 —

PSYCHROMETER CONSTANT(degC)

I I N

| 0 10 20 30 40 5¢
RATIO OF DROPLET DIAMETER TO MEAN WIRE DIAMETER

Fig, I1I1,4. Effect of droplet size,

1115 Conciugicnse.

By sélecting two medels of the thermocouple psychrometer
ard the calculation of psychrometer constants for the models it is
possible tc demonstrate that the amount of watar condensed ontc
the thermccouple has a marked effect on the subsequent operation

of the thermocouple as a psychrometér.
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Figure III.3 shows that, for the model of two wires
butting, satisfactory éperation a8 a thermoccupie psychromshue
ocorra if a lengbh of wirs of around ten diameters <f ths small
wire from the junction is wetb, | Figure III.. shows that a
similar effect is cbtained if a water droplet of about 3X10 o
diameter, or about 15 times the diamster of the smailer wirs,
surrounds the junétion.

It is felt that the réal psychromster, being wet about
10 %o 20 diamsters from the junction and having a droplet diamster
of around 3 or 4 diameters, will fall onto the fliat part of figurss
III.j and III,4, and thus is not strengly dependent on droplet
size or length of wet wire, |

Another feature of the exercise is the closeness of the
calculated psychr.aster constants (about (00045 degC™' in figure
IIT,3 and 400059 degC™" in figure ITL.4) to the observed ccnstant
for a fu11y>ventilated thermometer psychrometer (,000645 dagG'1).
This agreement is quite good when the accuracy of the data usad
" in the calcuiations and the simplifications in the models ara

taken into consideration,
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Heat flux alcng thermocouple
wires.

Heat fiux associabed with evaporation
from water droplet,

Heat convezted tc water drepiste

Heat flux alorg thermocouple wires.

Re Reynoids' Number,

Se Schmidt Number,

Sh Sherwood Number,

S Length of wet part of thermccoupls

wire, ‘

x| Distance along thermocouple wire,
GREEK _SYMBOL,

A Paramster involving the heat transfer

coefficient and thermal conductivity
of a thermoccuple wire,

Temperature difference between thermo-
couple wire and surrounding air.

Dewpoint temperature,

Temperature difference betwsen tharmoe=
couple junction and surrounding aire.

Proportion of heat conducted along
an individual thermccouple wire to
Junctione :

Resistivity of thermocouple wir:
material, :

2 W
18 v
19 v
17 W
14 -
14 -
14 -
9 n
1 m
-1
1 m
1 deg
p.11S deg
7 deg
1 -
1 nn

185,



