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SUMMARY

This thesis describes a detailed investigation of the
hydrodynamic characteristics of a commercially availzble three-
dimensional plate heat exchanger. The literature on this topic
was found to be scarce and misleading due, partly, to the
problems inherent in experimentations with packs of plates and,
partly, to the marked lack of a common basis for terminology.
Because of the complex flow geometry of this type of heat
exchanger, a large majority of work previously published has been
carried out with packs of plates and an empirical approach has been
adopted. However, a thorough understanding of fluid behaviour in
the channels between plates is a prerequisite, prior to any meaning-
ful heat transfer studies, in order to ultimately establish a
generally acceptable design method for plate heat exchangers.

A model channel was developed to eliminate all the
difficulti=ss encountered in investigations of plate packs in
addition to facilitating flow visualisation and pressure drop
measurements of seiected sections. The breakthrough was achieved
by producing, for the first time, transparent plastic replicas of
metal plates.

Four different channels were examined to establish
the basic flow characteristics and the effects of the entrance,
heat transfer section, and exit on the hydrodynamics. Special
attention was paid to the effect of contact between the plates.
Five different fluids were employed with viscosities ranging
from one to about sixteen centipoises (at ZOOC) and the overall
Reynoldis number range covered was between three and five thousand.
The nature of this study necessitated an extensive examination of

problems associated with existing and unconventional techniques




(iii)

for accurately measuring small liquid differeantial pressures,

It was found that the basic resistance coefficient-
Reynolds number interaction in this type of geometry is very
similar to that between the drag coefficient and Reynolds number
relevant to a disc with the flat side perpendicular to the
direction of flow. Such an interaction has never been reported
before. It was also found that, contrary to previous beliefs,
a significant part of the pressure drop is unproductively lost
in the port regions, The contributions of the heat transfer
section and the two port regions to the channel total pressure
drop were found to be dependent on the Reynolds number, The
physical contact between the channel plates was found to be a
major factor, influencing every aspect of the hydrodynamic
characteristics. Severance of this contact would result in
rapid fall-off in performance, especially in the transition
and turbulent regions,

Owing to the basic nature of this work, the extensive
programme of experimentation has resulted in a large amount of
data, full account of which is given to augment and facilitate

comparisons by future workers in this field of research.
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NOMENC LATULE

A =  heat transfer area m®
A = constant in equation {2.22) —
B = constant in equation (2.22) —_—
b = mean plate gap m
Cp =  specific heat J/Kg°C
De = equivalent diamster m
Eu =  Euler number (= AP/pu?) —
f = friction factor or resistance coefficieat _

(= &P De/2pu®L)
K . = overall heat transfer coefficient W/m®°C
K = coefficient of loss of head at inlet —

of channels, equation (2,29)
X = coefficient of loss of head at exit —

of channels

L = plate (channel) length m

M = mass flow rate Kg/s

AP = differential pressure (pressure drop) N/m?

q = volume%ric flow rate m®/s

Re = Reynolds number (= p De u/p) —

5, = area of flow, equation (2.28) m?

At =  temperature change C

AT&m = log mean temperature difference G

u = velocity n/s

Va = channel volume in equations (2.27) m®
and (2.28)

W = plate width available for flow m

Subscripts:

en = entrance

ex = exit




Greek:

ribbed (heat transfer) section
channel total (ribbed section + two
port regions)

air (equation (2.29)

film heat transfer coefficient
dimensionless parameter, equation (2.34)
number of heat transfer units

resistance coefficient (= 4f), equations
(2.35)-(2.38)

dynamic viscosity

resistance coefficient (= A = 4F),
equations (2.29)~(2.32)

density |

ratio of channel flow area to pipe cross
sectional area, equation (2.29)

ratio of developed to projected area
angle between corrugations on

ad jacent plates, Fig.3.3

(vi)

W/m®°C

Ns/m?

Kg/m®

deg.or

rad.
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CHAPTER

INTRODUCTION




l.l) GENERAL DXESCRIPTION QF PLATE HEAT KXCHANGERS

Tne plate heat exchanger (PHE) was known and used
originally extensively by food industrics having rigorous
hygienic reguirements as in the dairy and brewing industriss. There
has been, however, an increasing use of the PHE in the chenmical
processing industries during the last 15 years.

The PHE is a simple heat transfer apparatus resembling
a plate-and-frame filter press and is assembled from a number of
parallel, generally ideatical, corrugated metal plates aligned top
and bottom betweea horizontal carrier bars, The plates, gasketted
around the edge, are clamped together between a stationary rigid
head and a movable rigid follower, riding on the carrying bars,
using either bolts or a compression device, Baca pair of clamped
plates therefore forms one channel through which one fluid flows
while the second fluid flows through the two adjacent channels. The
fluids are thus separated by the thin plate, pressed from metal
sheet, so that there are fow corner ports, one pair for each of
the two fluid media., These ports are open or blind according to
need. The plates are sealed at their outer edges and around the
ports by elastomeric gaskets., This peripheral and port gasketting
is so arrangsd that in addition to separating the plates it divides
the plate pack into two separate systems oi’ channels whsre the
heating and cooling media flow in alver:mate interplate spaces. A
double sealing system forming pockets open to the atmosphere prevents
mixing of the two fluids in the event of a leakage past a gasket
in the vicinity of the ports. The fluids entzsr and leave tﬁe
exchanger by means of coanections situated at the corners of the
head and/or follower, which lead to the pissages or manifolds formed
by thz plates corncr ports. 4&ll wetted parts are accessible for

inspection by removing tne clamping bolts and rolling back the




movable cover,

By suitable blauxing or unblanking of the corner ports,
the plates can be easily and quickly arrangsed to give any number
and size of pass arrangement for sither of the two fluids. Three
or more separate fluid streams can be accommodated in the plate pack
by including intermediate separating/connecting plates so that multiple
duties such as heating, cooling and recuperation can all take place

(25). Frames

in a single frame, e.g. in the sterilisation of gelatine
are usually free standing or, for smaller units, they are attached

to structural steel work or wall mounted.

1.2) PLATE ARRANGEVENTS

1.2.1) LOOPED FLOW

In this arrangement each fluid divides into n streams
and reunites after one pasé through the exchanger, one fluid flowing
in the upward direction, and the other fluid flowing downwards through
the other n channels, This simple single pass counter-current flow
arrangement could take one of two possible forms known as the "U"
and "Z" arrangemeuts. They are illustrated diagrammatically in
Fig. 1.1 . In the U arrangensnt the inlet and outlet ports for the
two fluid streams are on the same end of the pack; in the Z arrange-
ment they are on oppositeends. It is also possible to have one fluid
in the Z arrangement and the other in the U arrangement, in the
same pack, in which case there will be three connections on one end

cover anrd one connsction on the otazr,

1.2,2) SERIES FLOW
In series flow, bota fluids flow continuously through
the exchanger with a change in direction after each pass, i.,e, the

total bulk of each fluid flows through the exchunger n times,
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n/2 times in an upiard direction, and n/2 times in a downward
direction, where n = (N-1)/2 (N is the total number of plates in
the pack).,

This plate arrangement is demonstrated in Fig. 1.2 .
Fluid connections are required on both the head and follower in

this case as could be deduced from inspection of the diagram.

1.2.3) COMPLEX FLOW

Complex flow arrangements consist of various combin~
ations of looped and series flow arrangements. One arrangement is
shown in Fig. 1.3 . The cold fluid is moving through the exchanger
in 4 passes with 2 channecls per pass; the hot fluid in 2 passes with
4 channels per pass. Complex flow arrangements, like series flow,

requires fluid connections on both the stationary and movable covers.

1.2.4) PRACTICAL CONSIDERATIONS

Looped flow arrangement is used waerever possible because
of' the following reasons:

(a) In both series and complex flow arrangements some of the fluid
pressure is being used to bring about flow reversal between the
passes instead of using it to enhance heat transfer. Clearly,
fewer passcs means less pressure is lost in this respect and the
pressure is used more eifectively. With single pass operation
no pressure will be wasted on flov reversal.

(b) Only looped flow arrangement offers counter-current conditiqn‘
between the two media throughcout thz plate oack as could be seen
in Fig. 1.1 . Hence, this arrangement is more thermally efficien
than the series or complex ones in which partial co-current
conditions exist, bringing about sometimes substantial log mean
temperature difference (LNTD) corcection factor. Cooperl17)
reports that with single

pas83 operation, this factor is about 1

<
N




(b) contd.
except for plate pacis of less than 20 plates when the end
effect has a significant bearing on the calculation®) ,This
is due to the fact that the channel at either end of the
plate pack only transfers heat from one side and therefore
the heat load is reduced. When the plate unit is arranged
for multiple pass use, a further correction factor must be
applied depending on the degree of parallel-flow and hence
will cause an increase in the required heat transfer area.
(c) It has already been pointed out that in the single-pass U
arrangement all fluid connesctions are on the same end cover.
With all connsctions on the stationary cover, rather than the
follower, connections do not have to be broken to move back
the follower to give access to the plates when the exchanger
is opened for inspection and/or cleaning or even extension.
Catte11(24) explains that in the industrial market where
flowrates ére nigh, pipework diameters are large (25 cm
diameter is not unusual) and it is therefore a difficult
task to dismantle pipework from the follower of a PHE at the
annual shutdown for inspection.
In spite of the aforementioned arguments it is sometimes necessary
to select multiple/unequal passes sucl as when the thermal duty cannot
be achieved in single pass or when unecual flow conditions are
handled, i.e. high and low flow rates. In the latter case the
required velocitiés can only be maintained with the lowx fluid flow
rate by using an increased number of pzsses. Even though thz plate
unit is more effiicicnt when the number of passes are equal because of
the limited degree of porallel-flow or when the flow ratio between
the two fluids is in the range 0.7-1l.4, other flow ratios can be

accommodated in unequal passes. This is achieved however, at the




expense of the LMTD factor(17).

1.3) Tillk PLATES

The gasketted plate is the basic heat transfer elemcnt
in a PHE as against a tube in the tubular hcat exchanger, It
utilises the cheapest form of material supply, i.,e. sheet, and to
regain the streungth lost in changing from tube to flat sheet,
pressed corrugations are used. The tube is the best shape of flow
conduit for withstanding pressure but it is entirely thne wrong shaps
for optimum heat transfer performance since it has the smallest

surflace area per unit of cross sectioazl flow arca.

1.3.1) EMBOSSING

The detailasd configuration pressed into the plates
produces the required characteristics by fulfilling the following
functions:~

(a) The provision of a number uof support points of contact with
the adjacent plate in order to maintain ths relative spacing
by preventing defieotion under the differential pressure that
can exist between the two fluid media,

(b) To induce turbulence at low Reynslis numbers in botn process
fluids flowing in tain streams between the plates by imposing
continual changes in velocity and direction on the fluids. This
brings all parts of both media into repeated contact with the
heat transfer surraces, giving rise to higa heat transfer
coefficients to meet the required heat transfer and pressure
drop characteristics.

(c) Boosting thermal performence by increasing thz effective plate
heat transfer area relative to a flat plate,

(d) The corrugations serve to increase the mechanical strength of

the nlate and reduce the metal sheet thickness needed, the reby




(4)

(1)

(2)

contd.
saving material costs and minimisiung thermal resistance of
the plate itself.

There are two basic forms of pressed plate:-
The first, referred to as the "pipped" or "intermzting trough"
type cousists of a number of fairly deep parailel corrugations,
running transverse to the average direction of flow, which
intermate with the corresponding ones on adjacent plates.
These troughs carry pips or depressions at their crest which
contact corresponding pips on troughs on adjacent plates thsreby
‘controlling the flow gap between the plates. The channels formed
by such plates are two-dimensionzl and the plates themselves are
described as having two-dimensional trough form. This type of
plate is typical of the older generation of hygienic design
where contact between adjucent plates is relatively infrequent
(about every 6.452 c® to 19.355 cm® of heat transfer area(s))
and the pressed shape consists of large scals lateral corrugations.

The majority of work reported in the literature has been
concernsd with plates of this design.
The second and more recent type is based on relatively shallower
and narrowar series of parallel undulations which are inclined
to the vertical axis of the plate. These corrugations are
compleémentary to the corrugations on adjacent plates, i.e, with
successive plates forming mirror images; thus, when the plates
are clampsd together, tne peaks of the corrugations of ons plate
contact the peaks on the next plate; pszaks which constitute
valleys in the adjacent chamiel. In other words, the corrugations
cross onc another, instead of intermating, giving a nigh density
of contact points between plates (for every 1.290 cm?® to
6.452 cn® of heat transfer area(sb, a major advantage of this

form. This type of plate is, thorefore, seli-supporting and




(2)

1-50

be expressed as the relationship between the number of heat transfer
units 6, pressure drop, and flow rate. 6 is the ratio of temperature
change (duty to be achieved At) to effective mean temperaturs

difference (driving force available AT&m):

this is a dimensionless quantity referred to also as thermal length
and its value, clearly depends on the temperature programme only.

@ serves to establish the character of' a given heat exchange duty,
since duties involving the same flow rates and 6 values will be
performed by similar exchangers, even though the actual temperature

programmes may be very different,

2) THERMAL AND HYDRODYNAMIC INTERACTION

contd.,
the resulting lattice pattern of mutual support points brace
the pzck and allow thinner gauge plates to be used. Cattel1(24)
points out that the shallosx, smooth pressed shape is easily
pressable into the major corrosion resistant metals. Channels
formed by these cross-corrugated plates are three-dimensional,
their relatively complex geometry giving rise to higaer levels
of induced turbulence and higher heat transfer coefficients,
The plates themselves are also referred to as three-dimensional
trough form,

By far the most widely used of the three-dimensional
trough form designs is the so-called "herringbone" or "chevron"
plate which has been very successful for industrial applications

and is the subject of this work,

The performance of a heat exchange module may conveniently

6 = At/ATem (1.1)

Equation (1.1) could also be expressed as:

6 = KA/pqC (1.2)
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sinc = R
ince KA AT, = pqC At (1.3)

If the heat exchange module, througn whick a fluid is flowing, has
fixed dimensions i.e. it represents a fixed area of heat transfer
surface, thzre will within the module be developed a heat transfer
coefficient a and a pressure uarop. These will each be different

functions of the flow rate. The followins relationships are valid:

@« = const., q° (1.4)
a .

AP = const. g (1.5)
the values of m and n in the above equations depend on the physical
properties of the fluid, the geometrical characteristics of the
module, and the nature of flow. Ahlstrom and Rylander(l) report
that for PHE's (water/water, turbulent flow) typical values of m are
0.6-0.8 and for n 1.75-1.95.

Equation (1.3) could be rearranged as:

A=pc, Gg> <%%;;> (1.6)

now A 1s coastant because the module has fixed dimensions., On the
right-hand side of equation (1.6), if the heat load AT, remains
constant, then the remsining interacting variables would be q, K,

and At and the quantity [C%) At} must be constant. For this purpose

of investigating general effects, the overall heat transfer coefficient

K is assumed to be related directly to the film heat transfer coefficisnt

a since the metal wall of a heat exchanzer plate is thin and the metal

resistance low.
As g increascs then a, and therefore K, will increase

more slowly according to squation (l.h) because index m is less than

one. Hence, ths ratio <§> w1ll increase ani in order that [ Cg) At}

remains constant then At must become smaller, Thus q is inversely

related to At and from equation (1.1) it becomes evident that q is
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inversely related to 6. Tnis fact could also be established from
equation (1.2) since q increases faster than K. Because pressure
drop is a funct.on of flow according to equation (1.5) and that
index n is greater than one, the conclusion is that 6 is more
inversely related to AP. The final coiclusion is that the heat
exchange module considered will have a definite and fixed 6-AP
relationship for any given fluid.
For a specific heat exchanger plate, as the liquid
flow over the plate decreases the 9 value increases and the maximum
occurs at the lowest practicable plate flow below which air will
not be completely removed from the plate channel accommodating
downward flow., To avoid this situation the plate flow rate should
correspond to a pressure drop whicih is not less than the statie
head between the ports of ths plate, The minimum 8 value attainable
within a single pass will be determined by thz maximum allowable
pressure drop. Usher( 88) points out that in general a 16-fold increase
in pressure arop will halve the 6 value. It is thern only possible to
operate witnin this range, or in whole number multioles of ths range
as the number of passes and hence heat transfer area increases,
Individual heat exchanger plates may differ widely in
their 6-AP relationships according to the type of duty for which they
are designed. This variation is not in tae context of the afore-
mentioned interaction between 6 and AP in one specif'ic olate, rather
it is in thz values and ranges of these two variables attained by
different plate designs. Plates designed for high 6 values are,
by virtue of the trousgh pattern adopted, more suitable for higher
pressure drops than low @ plates. Heuce as a general rule, wnen
considering different plate designs, hign 6 means high pressure drop
and low 6, low pressure drop. Therefore, the lov @ plate requires
a restricted degree of artifiicia! turbulence which calls Tor a

relatively small nuwber of wide-angle corrugations spaced failrly wide
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apart, i.e. the two-~dimensional design discussed in Section 1.3.1.
A plate pack of low @ plates results in a unit suitable for high
flows and small temperature change or duties where the temperature
gradient is high andi thus tne exchanger is chosen for minimum
pressure drop. Furthermore, because PHE's are easily arranged for
complex (multipass) flow, a plate design with a low 6§ value will
give the greatest degree of flsxibility of pass arrangement in
covering a wide range of 8 duties.

Plates giving high 6 values will call for a high degree
of induced turbulence and this will require smaller, more closely
pitched troughs, i.e. the three-dimensional design described in
Section 1.3.1. Industrial auties call for single-pass arrange-
ments where a plate of high tharmal performance can be used to
minimise the surface area required. Jones and Usher25) point out
that this requivrement is most effectively achieved by the inclined
cross—-over trough pattern which gives a much greater number of chunges
of direction of liquid velocity than the plates pressed witn the
2-dimensional transverse intermating trougis Clark(ts) indicates
that high 6 plates result in a unit suitable for heavy thermal
duties, i.e, medium flow rate wita large temperature chungs,
typicallj heating from 30 to 90°C. Such units are also chosen for

duties where the effective mean temperature differences are small,

1.4) DESIGN DIFFICULTIES

Unlike shell-and-tube heat exchangers, PHE plates are
not custom built, as each type of plate is a standard, mass produced,
mechanical pressing involving large capital expenditure in press tools.
It is, therefore, important that cach stanlard uesign is carefully
specified so that its performance characteristics have the widest

1¢28)

possible market potentia As a result plates are produced in

a limited number of' standard designs.
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Different thermel dutics have different 6 values. Each
6 value reguires a matcning type of plate. Of course a specific
olate design will attain different § values with different fluids,
€.8. a plate which gives a 6 value of 2.0 on water would have a
much lower value, about 0.6, when say cooling a mineral 011¢28)
However, once a plate form for use in a PHE has been establishéd, it
is comparable to a fixed dimension heat exchange module, e.g. a tube
of fixed diameter and length in a tubular heat exchanger, and there-
fore has one specific ¢-AP relationship with practical limitations
to these variables for any given fluid. The engineer designing a
tubular heat exchanger is not limited to a tube of fixed diameter and
length, he can instead select the nearest standard length and diameter
to satisfy the heat transfer and pressure drop requirement of the duty
considered. Obviously, the shell side presents more problems but these
can be managed by sultable baffle systems. From this can be seen one
of the difficulties encountered when rating PHE's, since it will be
only occasionally that a plate design will be fully compatible wita
both the 6 value required to perform a duty and the pressure drop
available to perform it(5>. The result will be that many or ths require-
ments cannot be met satisfactorily, i.e. either an excessive 6 value
is developed meaning excessive neat transfer surface is installed but
correct pressure drop or correct 6 and heat transfer surface but
either the pressure drop available is not fully utilised or it has
been exceeded. Hence the rating enginecer cannot always trim his
design as closely as he would wish,

For any specifiic duty, a tuoular heat exchanger can be
designed by choosing the dimensions of the tubes so that by using
the correct empirical eqguations 2nd performance data which are
generally available for calculation and estimating purposes, the
required heat transfer coefficient and pressure drop are obtained.

Although the PHE is now widely used, ihere is only a limited amount



15

of information available, Correlations and data pertaining to
commericial PiE's used by the manufacturers are not published

for obvious commercial reasons, However, to counteract this lack
of knowledge to some extent, two major manufacturers have provided
confiidential computer programs on commerical time sharing systems
to enzble potential customers to size and budget price their own
exchanger(i7). Final designs are then carried out by the manu-
facturer if required. The multiplicity of plate forms ani the lack
of' published data have so far prevented the development of a
generalised design procedure,

Other problems arise when the plates are grouped to-
gethsr to form a pack. The assumption, frequently made, that the
effect of port friction could be ignored and hence each channel in
a pass 1s operating under exactly similar conditions is not really
tenable. This is more so in units involving large platages and
flow rates since the consequent high velocities in the passage
formed by the ports of the plates coupled with the large length of
fhe plate pack will result in appreciable extraneous losses in the
ports. Usher(28) points out that these port losses are made up of
two components (1) a frictional loss along the port manifold itself,
and (2) an energy loss dus to the change in direction of flow at the
beginning and ena of each pass. This pressure loss aloang the port
will result in a considerable variation in flow to individual
channels along the pack and will affect both the overall pressure
drop and 6(35). The flow distribution pattern will depend on whether
the entry and exit are at the same or opposite ends of the pack.
Usher¢®s) suggests that for simple plate arrangements one method of
tackling this problem is to measure the Iriction factor f down the
port passage experimentally. This is then written into a computer
progran which then triess different patterns of flow distribu*ion

until it eventuzlly finds one in whica the sum of the channel pressure
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drops and extraneous oressure losses correspond to the stipulated
operating condi“iosns. The individual channel rates, flow ratios,
and tempe rature conditions arc computed and this leads to the overall
effective number of heat transfer units 6.

Another factor is that a channel with an upward liquid
flow will always run full; as mentioned earlier a channel
accommodating downward flow may well run partially empty if the
pressure loss 1s less than the static head between the plate ports,
The effect of the extraneous losses on flow distribution may reduce
the channel rate below this critical figure.

It is therefore important that the ports should be large
enough to handle the maximum flow envisaged without involving excessive
port velocities and oressurs drop which is wasteful in pumping poser
and leads to unequal flow distribution. Usher(as), however, explains
that plate design always lags behind operatonal requirements, and ports
are never lage enough, so that there will always be a tendency to
overload them because for coamercial vreasons sales engineers are
bound to want to minimize the number of individual frames required.
Catte11(4) points out that for large industrial units tne tolerable
maximum velocitvy is set at approximately 5 m/s to keep nressure
losses in the manifolds to acceptable limits. Having set the port
diameter accordingly, Cattell explains that the minimum possible
plate width is set by the need to keep the two ports at sach end of
the plate sufficiently far apart to allow standard flaages to be

connected without interference,

1.5) RECENT TRENDS

One of the design difficulties has been eased by employing
a technique «uown as plate mixing in which 2 or more plate forms of

different 6 ranges are made to fit into a single pack, The mixing
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of two types of plate within a single pass can achieve a compromise
between the two plate characteristics and an exact fit with the
duty requiremcnts, According to Cattell(?) this is & revived
concept ard that the original system employed cast gun-mztal plates
with machined flow grooves which varied between olates, thus provid-
ing differing heat transfer characteristics. Tne modern counterpart
consists of two plate designs which are mechanically compatible with
each other and when combined in different ways these two plate forms
develop 3 distinct and widely separated 6-AP relationships. Further-
more, the proportions of two of these three channel types incorporated
in the same pack can be continuously varied so as to achieve, in a
single pass unit, exactly the required 6 valuz at the stipulated
pressure drop, so long as this lies within the limits for the extreme
channel types(s). The 3-dimensional trough form known as the chevron
or herringbone pattern, mentioned in Section 1.3.1,has gained substantial
significance in this respsct, for it was realised that with this type
of plate form, the 6-AP relationship is affected not only by the
pressing deptn and the pitch of thz corrugations, but also quite
dramatically by the angle of the chevron. It was also discovered
that if the angle the inclined corrugations make with the vertical
axis of the plate on one type is x° and that on the other type 1is
(90—x°), then the frequency of support points is the same for both
types. Belcher(®) points out that by this simple method of varying
only the chevron aﬁgle, it has been found possiblc ani oractical to
vary 6 values by a ratio of 6:1. The three different channels that
could be formed from ths two plate types are as follows:
(l) Channels formed by identical plates with corrugations running

at an angle of about 70° with the vertical axis of the plate

giving high 0 values anl high pressure loss because of high

degree of induced turbulence.

(2) Channels mede froan identical plates with corrugations running
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(2) contad.

at an angle of about 30° with the vertical axis of the plate

resulsing in low 6 values and low pressure drop because of

the rélativcly low level of turbulence.
(3) A plate of the first category and another from the second

would result in the mixed channel with intermediate characteristics.
Clark(ts) gives typical @ values for the three channels as 3.0, 0.5,
and 1.5 fespectively. He also indicates that prior to this develop-
ment several manufacturers used to alter thc gap between plates to
change 6. The disadvantages with such a method are problems of
supp&rt, removal of air pockets, and prediction of flow chzracteristics.

The practical advantage of ths plate mixing technique is
that it reduces the sizs and therefore tle cost, of a PHE for a
given duty. The average saving in total plate area is reported to
be of thz order of 2O%§4). However, Clark({?%) indicates that the
mixed € units are more cémplex to rate due to the differing flow
conditions in different channels and a very advanced computer program
is used for rating and optimising these units. Catte11(14) points
out that although mixing allows more freedom of choice in 6 level,
a mixed 6 unit will always be more expensive than a unit made of
exact-6 plates. The amount of the excess is a function of the
difference between the two characteristics being mixed, i.e. as the
range of 6 covered by the nixing system 1s increased, excess areus
increase, He concludes that it is essentizl to design a plate
mixing system which for a majority of commercial cases operates near
the characteristics of one of tae two basilc forms, and to kéep the
6 range covered witiin acceptable limits.,
The inlet and outlet ports of any plate could be either

on the same side of the plate e.g. the APV Junior used in this work,
or they are on opposite sidus of' the plate, see Fig.l.2. The former

is referred to as "vertical flow" and the latter "diagonal flow".
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The diagonal flow pattern necessitates the maunufacture of separate
right-hand and left-hand plates. With the vertical flow type only
one pattern is needed; alternate plates are rotated 180° to form
the dual channel system. The loss of efficiency caused by having
both inlet and outlet at toe same side has been claimed, following
experience, to be negligible(4). Consequently vertical flow has
been adopted with recent designs because of its obvious simplifying |
effect on production.

Usher(36) points out that the modern high pressure thin
gauge plate is designed to have interplate contact points as close
as possible to the peripheral gaskets not only inside but also outside
the flow area so that the gasket can be regarded as a simply supported
beam rather than a cantilever thereby permitting higher pressures to be
used.

The aforementibned recent developments have brought the
PHE nearer to a status equivalent to that of the tubular exchanger.
It also highlights the necessity for basic understanding of fluid flow
and heat transfer in 3-dimensional channels of the chevron type. This

work represents a step in this direction.

1.6) APPLICATIONS AND LIMITATIONS

In order to appreciate the reasons for the increasing
popularity of the PHE it may be useful to consider the following
points:

(l) Normal assembly of a plate pack involves no welding so difficult-
to-weld but pressable materials can be used at relatively low
prices. Hence, economic use is made of expensive materials ——
in fact, the more expensive the material, the more economic
the PHE becomes in comparison with other exchangers(ze).

(1)

Ahlstrom and Rylander indicate that this makss units in

titanium highly coupetitive and able to handle any kind of




(2)

(&)
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contd,

natural water up to 110°C without corrosion risi.

The compact nature allows it to be installed into odd spaces
whichh could not otherwise be so productively used. No extra
space is required for inspection and/or manual cleaning of the
plates. Jones and Usher'2®) point out that an example of this
is in the marine field where, because of shortage of spsace,
plate units are finding an increasing use for shipboard
operations such as for cooling diesel o0il and jacket water.
This design achieves a much higher surface-to-volume ratio
than is possible with tubes or other types of partition. By
virtue of its narrow flow channels the PHE therefore has a low
volumetric capacity meaning a short liguid residence time and
this can be of major importance when processing expensive
liquids where the priming volume must be kept to a minimum
and also where product quality is affected by time and tem-
perature,

With nigh levels of induced turbulence even low flow rates
give high heat transfer coefficieucts (values as high as 6.0
KW/m® °C have been reported(4)).
Dahlgren and Jenssen'*®)
pumping energy per unit heat transfer zrea, the PHE gives
higher heat transfer than tubular exchangers. This means
that the plate unit is a high efficiency machine which can

point out that at a given

operate economically, with a close temperaturs approach, at
relatively low pumping powers, dJones and sher(28) explain
that the attainment ol & nigh number of hzat transfer units
resulting from high heat transfer cocfficients and counter-
current-flow makss the plate unit ideally suited for recuperative

duties and other heat recovery schemes, They report

recuperative efficiencics of over 90% in the heating of
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(4) contd.
turbine lubricating oils prior to centrifuging and heat re-
covery from industrial waste solutions such as dye and
distillery effluents.
(5) Its flexibility in incorporating more than one duty within
the sams frame has already been discussed.

Basically there are 3 areas of application:

(a) Hygienic/heat-sensitive duties in the food, beverage and
pharmaceutical industries.

(b) High~-pressure/high-temperature duties in the chemical and
‘metallurgical industries.

(c) High-capacity cooling duties in chemical plants, steelworks,
nuclear power stations, etc.

The majority of these installations are used for
turbulent liquid/liquid services because the nhigh heat transfer of
the plate is more pronounced under these conditions. However,
Parrott{2°) indicates that the PHE potential when applied to viscous
non-agueous products is only now being appreciated. Furthermore,
the high shear rates generated in a PHE channel is of particular
significance when considering non-Newtonian fluids, since in the
case of Bingham plastic and pseudoplastic materials the effective
viscosity is reduced, improving plate performance. As a result
transition and laminar flow duties are becoming more important.
Marriott(28) and Cooper(is) point out that boiling duties and con-
densation of vapour (including steam) at moderate pressures
(L1 KN/m® to 410 KN/m®) are also economically haniled by PHE's.

Such wide fields of application obviously require plates
in a varicty of materials. Fortunately, any material of reasonable
ductility which can be cold formed miy be used for heat exchanger
plates. The use of plates made of mild steel dovs not appear to be

economically justificd(24). The most commonly used material is
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stainless steel either 18 Cr/10 Ni (AISI 30L) or 18 Cr/12 Ni/2.5 Mo
(AISI 316), preferably with carbon content of less than 0.07%, since
this eliminates the need for titanium stabilisation{®®), Stainless
steel is mandatory for hygienic reasons in food and beverage processing.
Titanium (99.8%) and nalladium stabilised (0.2%) titanium are used
becausz of their outstanding corrosion resistance, e.g. in duties
involving chloride solutions (including brackish cooling water) and
cooling factory effluents using sea water(4) | ther materials used
includ= the high nickel alloys (Monel 400, Incoloy 825, Inconel 600
and 625, Hastelloy B and C) and copper based alloys (Cu/Ni 70/30 and
90/10; aluminium brass 76/22/2, etc.) Pure metals such as copper,
aluminium, nickel, silver, and tantalum are also nsed{?8) . In order
to eliminzte electrochemical effects, liquid connections are usually
made of the same material as the plates.

In spite of its advantages,'the narrow gap represents a
handicap to the use of plates for certain dutics becauss of the risk
of blockzge where there are large quantitics of solids in suspcnsion
or where there is heavy fouling(zs).

Althoush a wide range of gasket materials is available
including natural rubber, neoprene, styrene-butadiene, hypalon,
Viton, resin-cured butyl, medium nitrile, ethylene-propylene,
fluorocarbon rubber, silicone rubber, and compressed asbestos fibre,
the fact that the PHE depends on elastomers as a sealing medium proved
to be a distinct limitation on its use. Cooper{*?) points out that
even compressed asbestos fibre gaskets contain about 6% rubber,
Marriott(28) indicates that usually it is the gasket that limits the
meximum operating temperature for a PHZ and suggests that the

follo.ing table may serve as a rough guide in the absence of chemical

attack:
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Natural, styrene, neoprene max. .os 70°C

Nitrile, Viton ces 100°C

Resin-cured butyl eee 120°C

Ethylene/propylene,silicone ees  140°C

Compressed asbestos fibre cee 200°C
TABLE 1-1

Other information in this respect appeared in a recent APV Co.

publication{®) and is as follows:

Gasket Material Approx.Max. Application
Operating temp.
Paracril (Medium Nitrile) 135°C Resistant to fatty
materials
E.P.D.M. 150°C High temp.resistance

f'or a wide range of
chemicals.

Paratherm (Resin-cured Aldehydes, ketones
butyl) 150°C and some esters
Paradur (Fluoro- Mineral oils, fuels,
carbon rubber base) : 177°C vegetable and animal
oils.,
Paracaf (Compressed Organic solvents such
asbestos fibre). 260°C as chlorinated hydro-
carbons.
TABLE 1-II

It seems therefore that the maximum operating temperature is limited
usually to 260°C. It must be realised that operating te:iperatures
may also be limited by plate corrosion effects, Marriott(28) indicates
that refrigerant quality brine, for instance, can be handled by
18 Cr/12 Ni/2.5 Mo (AISI 316) stainless steel plates provided the
surface temperature does not exceed 10°C.

The maximun allowable working pressure may be determined
by frame strength, gasket retainment, or plate deformation resistance.

All PHE's used in the cheaical and allied industries are capable of



22

operating at 593 KN/mz, most at 984 KN/mz, meny at 1593 KN’/m2 and

some 2t pressuces as high as 2085 KN/m?(29),

w

Individual plate sizes range from 0,0258 m® (corres-
ponding to the APV Junior which is the smallest commerically
available PHE) to 1.6 m® (corres:onding to Alfa-Laval A30 which
is the biggest exchanger available at present)., The A30 PHE with
up to 400 plates has a tota. surface area of 640 m®*. It stands
2.8 m high, with 30 cm connections permitting water flows of
up to 1500 m®/nl4),

The present work is a detailed investigation of the
hydrodynamic characteristics of a particular plate form, namely,
the APV Junior Paraflow, as a first step in establishing a generalised
design procedure for plate heat exchangers. A single channel was
fabricated from transparent polymethylmethacrylate in order that
visuzal obssrvation could be made during the course of experimental
runs and pressurs measureiuents could be made at preselected positions.

A method was developed for casting thz plastic plate to
ensure a very close reproduction of tne standard metal plate so that
the results would be representative of a siagle channel in a pack of
plates.

Although a range of viscosities of working fluids was
used, the very low pressure drops encountered during viscous flow
required the development of an accurate and relizble method for
measuring such low pressure differentials. The difficulties

encountered are discussed in Appendix A-2,0.
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2.0) LITERATUR® REVIT

Tae follo.ing is a critical survey of the avalilable
literature on 3-dinension=l trough fori plate heat exchangers,

" Shaoul(®4) investigated the hydrodynamic characteristics
of un APV Junior PHE under isothermal and heat-transfer conditions.
The plate arrangement was single pass for both fluids (1 pass/1 pass)
with 10 channels per pass, 21 plates in all, Tae working fluids
were aqueous glycerol and HgO which flowed in a counter-current
manner.

The equivalent diameter (see Section 5.1) was taken as
twice the gap between plates (pitch minus thickness). However,
it is not clsar how thes area of flow was calculated nor what length
was consicered for the pressurc gradisnt. The values of these
parameters were not given and therefore the significance of the quoted
Reynolds numbers and friction factors ié somewhat limited, The
pressure drop across the complete pack for boitn fluids was measured
by means of U-tube mercury manometers.

The range of Reynolds numbers covered by Shaoul was
between 2.5 and 2500. He suggested three distinct regions of {low.
Laninar flow extending up to Re of 90, a transition zone of un—
predictable flow between Re of 90 and 600, and turbulent regime
when Re becomes greater than 600. The,friction factor — Reynolds

number, empirical equations are as follows:

f

1l

123.0 Re"°°%®  (Re < 90) (2.1)
f = 5.3 RE2T7®  (Re > 600) (2;2)
The aboves equations were obtained utilising data obtained under
isothermal and heat-transfer conditions. There is consiierable
scatter in the data, those under isothermzl conditlion being belos *he

lines described by equations (2.1) and (2.2), while data above

corresnond to the situation where heat-transfer was taking pluace,
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Shaoul used thes inlet fluii temperature to estimate the physical
propsrties required to calculate f and Re whea heat-transfer was
taking olace. He did not explain the reason behind this although
he briefly discussed its effect on the correlations and pointed
out that if the average temperature was used the equation for

Re < 90 under heat transfer would be

f = 65.0 Re™ "84 (2.3)

Shaoul misinterpreted the gradual and extensive
transition region since it was unexpected at that time. For a
substantial part of this zone it is now known that ths slope of the
PHE friction factor - Reynolds number plot exveriences little and
gradual variation, It is almost certain that the data used to obtain
equation (2.1) represent laminar/transition flows. Hence a slops
value of (-0.86).is not surprising whereas a slope of (-1.0) is
expected for laminar conditions. The{slope of' the line best des-
criving <tihe turbulent regime compares reasonably with results of
the present work. No experimental data were plotted by Shaoul in
the Re range hs coasidered transitional even though they were
reborted. Plotting tazse isothermal results with the others showed
a definite trend in spite of the scatter. It is not clear why Shaoul
ignored them.

Ellison (21) carried out isothermal pressure drop
measuremcnts on the APV Junior PHE maling use of Shaoul's experi-
mental set-up. He paid special attention to ensure that no pockets
of air were trapped in the exchanger, The number of plates in the
pack was varied to observe its effect on the hydrodynamics. ence,
packs of 21, 15, 11, 7, 5 and 3 plates were examined with the
(1 pass/1 pass) arrangement maintained.

Considering the equivalent di-meter to be twice the

plate-gap, Ellison used tae folloving definition for Re:
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() (2v oM
(o) () () 7 Wmop (2.4)

wanere M, b, W and n are the mass flow-rate, the plate gap, the
plate width, and channels/pass respectively. Again no values were
given for M,b,W or the plate lecngth L. The range covered was
0.5 < Re < 2000.

Ellison.reported that laminar flow existed up to an Re
of about 10. However, he indicated different correlations depending

on the direction of flow as follows:

UP - TFlow f = 67.1 Re" 122 (Re < 10) (2.5)

1

'DOWN -~ Flow £ = 96,2 Re 128 (Re < 10) (2.6)
Equation (2.6) was subsequently rejected on the grounds that it may
not be valid due to air occlusion in spite of the measures taken
against i1t. The contradiction between a slope of more than (-1.0)
and laminar flow tacory was not discussed. A 2l-plate pack was used
to obtain data corresponding to Re < 10.

The next stage of Ellison's work covered the range
20 < Re < 500. Packs of 15, 11, 7 and 5 plates were investigated.
The results follow a definite trend, namely a graduzlly decreasing
slope up to an Re of 140 beyond which f becomes constant ani in-
dependent of Re. Data corresponding to l9%-plate and 1ll-plate
packs are comparable with each other, but they are noticeably higher
than those corresponding to 7-plate ani >-plate packs, Ellison
was surprised by these interesting aspects but did not attempt to
correlate the data in this region. Incstead he attributea their trend
to air pock=ts in the exchanger.

Correlations referring to turbulent flow and the corres-

ponding packs are as follows:
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2l-plate pick  f = 2,17 Re"°°*3%  (Re > 700) (2.7)
11 ani 15-plate ® f = 1.98 Re"®*%23%  (Re > 600) (2.8)
7-plate " f = 1.73 R&"°**2%  (Re > 1000) (2.9)

‘Ellison concludes that the position of the correlation
is a function of the number of plates in the pack. For packs of 5
or 3 plates the resulis did not follow the trend described by
equations 2.7-9 and were not correlated.
Edwards et al.(zo) carried out work at Bradford University
on the APV Junior PHE. Two plate arrangements were considered
(a) 1 pass/1 pass with 1?2 channels per pass
(5) 2 pass/2 pass with 12 channels per pass
Newtonian and non-Newlonian fluids with widely ranging viscosities
were used,
The equivalent diameter was defined as follows:

2b
¢

where b is ths mean plate spacing (pitch minus thickness) and ¢ is

De = (2.10)

the ratio of developed to projected area. This definition was
suggested by Parrott (so) as suitable for 3-dimensional trough form
PHE's. Application of équation (2.10) produced a value of 0.343% cm
for the Junior, The fluid velocity was calculated from the following .

relationship:

S
u = T (2.11)

where q is the volumetric flow-rate betwsen two plates. The values
of b and W were reoorted as 0.203 cn =2ud 5.3 cm respectively., The
plate length was taken as the projected distance between the edges
of the two ports, namely 45 cm, rather than the one between their
centres. The range covered corresponis to 0.04 < Re < 1000.
BEdwards et al., claim that under the conditions employed
it is 1likely that port losses are negligible. They add, that if the

b S iz . “\1\ 3 < .<‘ 3 o u e ) N .
port losscs werc 31gnL{Lc¢nt then it is improbable that the data
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for different puss arrangements would fall together and conclude
that their results tepresent the flow between corrugated plates
with reasonable accuracy.

The results of Hdwards ot al. indicate that laminar
flow conditions exist up to a Re of about 10, followed by a very
gradual transition to turbulent flow when f becomes weakly dependent
upon Re, An analogy was drawn between the geometry of channels
formed by chevron-tyoe plates and packed beds of near-spherical
particles, The Ergun equation(23> for packed beds was expressed
in a form consistent with f and Re used for the PHE and the re-
sultihg relationship was compared with the data. Good agreement
was observed. However, ths tendency of the PHE data to lie above
the Ergun equation was attributed to port losses thereby contradicting
the earlier suggestion that these were negligible,

A single Ergun-type relatibnship was developed to

describe the Junior PHE data over the entire Re range namnely:

ro= 220 o8 (2.12)
The first term on the right-hand side of equation (2,12) is the
laminar contribution to the pressure drop which dominates at low Re
and the second term is the turbulent contribution becoming important
at hignar Re,

Fig.,2.1 shows the friction factor - Reynolds number
relationship oi' two 3-dimensional trough form PHE's. The Alfa-
Laval Chevron plot was first publish.d in reference(®’) and appeared
again in a paper by Ciark(is). Alfa~-Laval manufactures the f'ollowing
Chevron plates: PO, P2, P3, P4, and the recently introduced A10, A20,
and A30 plates®, The Thernal Handbook(®) did not indicate to which
Chevron plate the plot referred. However, Clark's Paper suggests that

it is relevant to P3 plates. No information was given about the plate

arrangement in the exchanger used.  Approximate correlations corresponding
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to it are as followsa:
(Transition, 18 < Re < 300) £ = 18.5 Re™©*42 (2.13)
(Turbulent, Re > 300)  f = 4,0 Re"©0°22 (2.14)

The APV RLO PHE f vs. Re relationship presented in
Figure 2.1 was made available through private communication. It
was obtained using 1 pass of 3 channcls. The RLO PHE channels have
similar geometries to those of the Junior PHE but arc larger. The
equivalent diameter and ratio of developed/projected area are both
larger than thosc of the Junior, namely: 0.498 cm ard 1.22 re-
spectively compared to 0.386 cm and 1.18. The two ports are
13 em in diameter (cf. 1.43 cm for the Junior), about % the plate
width available for flow, situzted diagonslly. Consequently the
plot should reflect the hydrodynamics of this type of plate since
the effects of the manifolds would be small because of the port size
and the use of only 3 channéls. The empirical equations pertaining

to the RLO plov are as follows:

(Laminar , Re < 10) f = 47.0 Rg"9-963 (2.15)
(Transition, 10 < Re < 100)f = 19.0 Re™ ©°°°° (2.16)
(Turbuleat, Re > 100) f = 3,3 Re”0°%84 (2.17)

Kovalenkol®?) investigated the 3-dimensional trough
form plateé known as the Rosenblad 3S , These plates appear to be
physically similar to the Alfa-Laval P3 plates described in
referencel®), The plate arrangement was (1 pass/1 pass) with 4
channels per pass. His results are very different from the Alfa-
Laval Chevron plot in Fig.2.1 even if one assumes that Kovalenko
used definitions for bthe relevant parameters related to flat plates.
He suggested laminar flow up to Re of 200 followed by turbulent flow
at higher Re with an almost insignificant transition in between. For
the turbulent regime the following relationship was quoted

(200 < Re < 16000) Eu = 1843 Re™©°2° (2.18)

Emerson(zg) exanlined a Rosenblad PHE containing plates
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of a 3-dimensional trough form and being very similar to Alfa-Laval's
P2 plates, The plate arrangeacit in the exchinger was: (1 pass/

1 pass) with 11 ch@nnels per pass. The Rosenblad exchanger was one
of four different types investigated by Emerson, one of which consisted
of ©lat plates. The latter was adopted as the reference to wnich the
other three were compared. Hence, all parameters were defined

relevant to the 2-dimensional “lat-plate exchanger. The following
relationships were proposed to describe the data for the Rosenblad

exchanger:

(Re < 40) f

4L0.9 Rg" O 74 (2.19)

(Re > 40) f

u

10.5 Re™ %3 (2.20)
Fortunately the geometrical characteristics of ths
Rosenblad plates were given by Emerson. Tnese characteristics have
been used by the author to transform f and Re to replot the data,
Details of this transformation are given in Appendix A-1.0. 4pplication
of equation (2.10) produced an equivalent diameter of 0.482 cm for
the Rosenblad plates and the ratio of developed/projected area was
found to be 1.22. Fig.2.2 shows Emerson's transformed data compared
with the RLO PHE plot aiscussed earlier. The important narameters

pertaining to the Rosenblad aml R4O0 PHE's are given in the table below:

Roseablad PHE R4LO PHE
Ratio developed/ projected area 1.22 1,22
Equivalens dianster 0.482 cm 0.498 cm
Developed heat transfer area/plate 1200 cm® 3762 cm®
Developed plate length 55.8 cm 92.6 cm
Plate width available for flow 21.5 cm 40.6 cm
Port diameter 7.0 cm 12.7 cm

TABLE 2-I
Althougsh the RLO plafes are larger than those of the
Rosenblad, the fact that the ratio of developed to projected area is
the same with the two PHE's having rather similar equivalent diameters

indicates that the two channels should exhibit close hydrodynamic
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characteristics. The agreesent is striking as seen in Fig.2.2,

Since it has already been pointed out thst the RLO plot reflects

flow betwsen plates of tais type: one of the two foliowing

possibilities arises:

1) The effect of the mszifolds in the Rosenblad PHE is negligible.

2) The hydrodynamic characteristics of thz two plate types are
different and tas ohserved agreement as seen in Fig.2.2 is
coincidental, i.e, the combination of the manifolds and the
channels in the Rosenblad pack is equivalent to the RLO be-
haviour,

It would seem that the first possibility is more likely.

Also includzsd in Fig,2.2 is th2 plot pertaining to the
Junior PHE developed by Edwards et al.(3°) at Bradford University.
The curve corresponds to equation (2,12) with slight modification
of I, namely the replacemznt of thz 45 cir port to port projacted
plate length by the 47.2 cm developed plate length, to ensure con-
sistency., The number of channels per pass of the Rosenblad and
Junior exchangers were almost the same (11 vs. 12).

The curves shown in Fig.2.3 have apoeared in the
literature referring to "typical" exchangers without meantion of
geometrical characteristics and dimensions. Manufacturers of PHE's
are reluctant to re¢lease inforanation, thus max<ing comparisons and
conclusions very difficult and in some cases impossible whare
supporting evidence cannot be found. The only certain aspect of
these exchangers is that their plates have 3-dimensionzl trough
forms.,

Marriott{?®) discussed ais results comparing the
value of the friction factor to that in a tube. Catte11( 1)
compared his data with tnose for a rectangular duct and a tube,

Approximate relztionships obtained {rom Cattell's plot are as follows:
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(Lazinar, Re < 10) £ = 56 Re"1+© (2.21)
(Transition, 10 < Re < 100) f = p's B (2.22)
Re ’
(Turbulant, Re > 100) f = 3.6 ReTOLO (2.23)

(30) .
Parrott put forward results as an example of a 3-dimensional
N bl i Na . . .
trouzh form PHE f vs. Re relationship. Althoush an APV Junior plate
Wwas snown as an illustration in the paper, Parrott did not indicate

+ e _ . N
whether the plot belongdto the Junior or some other exchanger. The

corresponding empirical equstions estimated from the plot are as

follows:

(Laminar, Re < 10) f = 445 Re"©-°° (2.24)
(Transition, 10 < Re < 100) f = 15,5 Re"©°*56 (2.25)
(Turbulent, Re > 100) f = 3.4 Rg” 020 (2.26)

A most interesting work was carried out in the Soviet

Union by Savostin and Tikhonov(sa). The model considered was des-—
cribed as heat transfer elomenls of "Frenkel packing" type. This
is a matrix of channels formed by corrugated plates with the
undulations on adjacent sheets at an angle ¢ to one another, Fig.3.3.
The working media were air/water. The flow of the two fluids was
in a cross-current manner. The cooling fluid (water) flowed over
the external surfaces of ths matrix and its pressure was maintained
highar than the alr pressure to ensure reliable contact of the
plates in the matrix. However, the aydraulic characteristics were
determined with isothzrmal zir flow, i.e. ﬁithout precheating the
air and wibthaout supplying *the cooling water.

The equivalent diameter was defined as:
- /1
De = k4 Va"Fa (2-27)

) 1 . - s counicd b . y ..
where Va is thz volume of the matrix occupied by air and Fa is the

area of heat transfer surface, 1.e. the developed rather than projected
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area. The area of the passage section was caleulated using the

relationship:

Sa = Vu/L (2.28)
where L 1s ths nominal distance between th2 ends of the heat excharger.
The coefficient of hydraulic resistance suggested by Kays and
(as)

London Tor isothermal air flow was used,namely:

£ = % --(1<;C+1—02)]l L (2.29)

where o is the ratio of passage section Sq to cross section of the
pipe gnd Ko is the cosfficient of loss of head at the inlet of tae
channels. Savostin and Tickhonov claim that tests carried out at
different distances of the pressure tappings from the end of the hsat
exchanger have shown the measured downstream pressure to be virtually
equal to the static pressure at the outlet from the chinnels., There-
fore in calculation of ¢ the term (l—oz—Ke) allowing for the influence
of ths outlst was assumed to be zero.

The first sixz types of plate investigated (B-1 to B-6) had
approximately the same dimensions and shape of the cross section of
the channels but the angls between the corrugations on adjacent plates
(relative to the airection of flow) varied from 0° to 144°. Conse-
quently their results should reflect the effect of the angle between
the corrugations. The main geometrical characteristics of these

specimens are given in the following table:



36
Specimen g, deg. De, mm L/be h, mm t, mm
B-1 0° 1.72 46 1.19 2.57
B-2 20° 1.54 51.0 1.20 2.57
B-3 37° 1.54 52.9 1.19 2.57
B-Y 66° 1.53 50.5 1.17 2.57
B-5 96° 1.54 49.2 1.19 2.57
B-6 14,° 1.49 27.2 1.12 2.57

TABLE 2-1T
h is the height of the corrugation and t is its base width.
Savostin and Tickhonov's results were presented in
tabular form, They suggested that results of tests on specimenc
B-1 to B~ could be aporoximated by the following relationships
(angle ¢ in the equations 1s in radians; depending on the value
of ¢ the value of cos¢ can be positiye or negative):
at 200 < Re < 600:
£ = 25.0 (140,95 ¢**72)/Re® 84 (2.30)
at 600 < Re < 4000:
¢ = 3.7(0.62+O.38 0052.6¢>/Reo.53(0.58+0.430051-87¢) (2‘51)
Plotting the tabulated results of plates B-1 to B~6 is
shown in Fig.2.k. The ordinzte axls was considzred 5/4 since: 1
£= Uuf (2.52)
The plotted data clearly reveal a oronounced chznge in the hydro-
dynanic characteristics as the aagle is increassl to 66° (specinzn
B-1). It is also evilent that as the angle ¢ is increased ths
dependence of tas resistance coefficient on Re becames less,
indicating higher degrees of turbulsnce. The otnar intefesting
feature of Savostin and Tickhonov's data is the magnitude by which
the resistance cocfficient increases as the angle ¢ is increased,

Five additional specimens were examined Dy Savostin

and Tickhonov. In thesc the angle ¢ was fixed 2t 29°, but the
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height " the corr PSR . . ) X i ,
gnt ol the corrugations was varied, changing tae channel

cross section as a result, Thney discovered th2at increasing the
depth of the corrugations dscreased the resistance cocfficient.
It may be useful to point out that the angle ¢
between corrugations of adjacent plates is 120° (corrugations
on individual plates run at an ansgle of 60° with the vertical
-axis of the plate) for almost all the existing Chevron (herring-
bone) PHE's, e.g. APV Junior, Alfa-Laval's PO, P2 (Rosenblad),
P3 (Rosenblad 38) and Pl plates. Notable exceptlons are the
recently introduced Alfa-Laval's A10, A20, and A30 with angles
of 140° (70° with the vertical axis) for 'high @' plates and 60°
(30° with the vertical axis) for 'low 6' and combination of the
two angles for 'medium 6' (see Section 1.5). The high 6 A20
plates seem to have an anglc ¢ of 128° (64° with the vertical axis).
The effect of the angle between corrugations of adjacent
plates on heat transfer and resistance characteristics was examined
in Japan by Okada et al.(2%), The ¢ angles tested were 120°, 135°,
150°, and 165° (60°,67.5°, 75°, and 82.5° respectively relative
to the vertical axis of the plate). The minimum Re encountered in
some channels was 400, the maximum in others was about 10,000, The
equivalent diameter was considered to be 4 times the ratio of the

channel volume to the heat transfer area and the channel length was

taken to be its developed length.

Unfortunately the results of Okada et al. were of
little value to the present work because they were prasented in
the form of plots of tahs hydraulic gradient (AP/L) - rather than

resistance cocfficient - versus Re without sufficient information

. . s - nparison. n
to allow transformation 1nvo 4 form suitable for compariso 1

. IinNnec < 3 .‘-11 2 04 W
addition, the plot correspondlnsg to plates with 120°) angle between

their undulations started from an Re of 2000. Nevertheless, the

i ease i Hels wessurs gradlent as the angle
results illustrate the increase in tne2 pressurs graa 3 g

.ations of adjacent plates 1lncreascs. The effact of
¢ between corruge 8
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tae corrugation base width (wave piten) on the pressure gradient

for plates of 150° angle was reported. At a given Re the smaller
the wave pitch the greater is the pressure loss.

Beloborodov and Volgin published two papers about
their work in the Soviet Union. Their first workl? was a study
of convectionzl heat exchange and resistance charucteristics of
narros channels of sinuous and varizble cross-—section involving
both 2-dimensional and 3-dimensional channels, Tne experimental
set-up was based on a single hot water channel with a cold water
channel on either side, 4 plates in all. TFive different geometries
were tested including flat plates. The other four channels used
were different from each other by the mutual disposition of the
corrugations on adjacent plates, The undulations of' one model
were arranged in a herringbone patternat an angle ¢ of 120°; the
direction of the troughs of the opposite plate was inverted. It
appears, however, that no contact occurred between the plates of
any channel investigated including the one with the chevron pattern.
This is contrary to current industrial practice where the majority
of plates manufactured are assembled in such a way that there is
metal to metal contact of adjacent plates.

The equivalent diameter adopted by Beloborodov and Volgin
seems to be based on the average distance betueen the plates and
the fluid velocity on the average cross-section. It is not clear
whe ther the channsl length used is apparent or developed.

Rather than being determined isotnernally, the hydraulic
resistances of the modzls were reported along with the heat transfer
characteristics under the samne conditions. They were related to a
cold water channel across walch a manometer was connected. The Re
range covered was 4000 to 42,000 and the results were presented

graphically in the form:
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Eu
T T ¢ (Re) (2.33)
where ¢ stands for 'function of' and T is:
T = L/De (2.34)

At Re > 10,000 all the models exhibit constant values
of the resistance coefficient. The value of Eu/T correspounding to
he herringbone model is 0.27. Oaly 3 points were reported in the
range 4000 % Re < 10% rendering assessient to be difficuli.

In their more recent paper(s), Beloborodov and Volgin
revealed the following relationship for the channel with the herring-
bone pattern mentioned in their previous paper:

1.05

(8000 < Re < 40,000) A = = (2.35)
Re"~*
where ro= 22 (2.36)

Furthermore they reported the following equations when the herring-

bones on adjacent plates were parallel:

(4300 < Re < 11,000) AR &9§Z§5 (2.37)
Re”*

(11,000 < Re < 38,000) A = 0.6 (2.38)

or Tx 0.3 (2.39)

This contradiction between the two papcrs when
referring to tas same channel appears to be due to a reference error

in the second paper. The values of the heat transfer areas confirm

.. T . B ) 1
this. Hence, at very high Re (> 10,000) the reversing of the

. - 1y 3 B - Z_A3 :
direction of the herringbones on the adjacent plates () dimensional

channel) results in the indepence of the resistance cosfficient

. : . .. - al I .
from Re whereas parallel herringbones (2-dimens lonal channel) retain

the dependence of the resistance coefficient on Re. This could be

attributed to the higher degrees of turbulence encountered in the

3-dimenslonal channel.
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Wilkinsoh®®) examined the problem of flow distribution
in PHE's. He considercd singlo pass counter-current flow arrangements des-
cribed as the U zni Z arrangemugts (see Section 1.2.1 und Fig.l.l).
The flow distribution through the channels in the pack was determined
by the pressure profiles in the inlet and exit manifolds. These
manifolds approximate to very rough pipes according to Wilkinson.
An APV Junior PHE was used for this study and the
results indicate much less variation in chanunel flowrate with the
Z arrangeﬁent than with the U arrangement, However, the accuracy
of the results was not high and considerable scatter was evident,
Wilkinson attributed this to the fact that the flowrate-pressure
drop relationship for a pair of plates (single channel) is changed
when the plates are assembled into a pack.
The equations governing the pressure profile in the
manifolds of a PHE and ths distribution of chaanel flowrate for the
U and 2 arrangements were developed by Wilkinson., Solutions to
these equations were suggested.
It is to be noted that Wilkinson's findings of better
flow distribution wita the Z arrangement is unfortunate because of
the U arrangement practical advantages (refer to Section 1.2.4 point
(c)).
At this stage, it is not clear how the two different
arrangements might affect the f vs. Re relationship in light of
Wilkinson's findings since Shaoul¢®4) and Z11ison(®%) uzed the U
arrangement whareas Edwards et al.(zo) appear to have used the Z
arrangement.
It is apparent that there is not a great deal of
information published on the performance of plate heat exchangers.
That which is published is confusing due to a lack of basic
definitions of dimensions and terms used, rendering comparisons

difficult. Additionally a ereat deal of the work reported applies
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to high Reynolds number, highly turbulent operation, whersas there
is a present tendency for the use of PHE's in low Reynolds number,
viscous flow situations,

The present work is therefore intended to standardise
the relevant definitions and to examine in detail the isothermal
hydrodynamic characteristics of a particular commercial PHE channel,
& clear understanding of the behaviour of flow in such channels

is a basic necessity before the effects of heat flux can be studied.
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3.0)  EXPERINENTAL

A series of studies on fluid flow in 2-dimensional
PHE's were carried out during tas last decade at the Northeastern
University, Boston, Mass, USA, e.g.(iz). The experiments
involved were based on transparent plastic channels fabricated
from polymethylmethacrylate (better known as 'plexiglas! in the
USA and 'perspex' in the UK). The plastic plates were prepared by
cementing transverse ribs of various shaées (rectangular, triangular,
trapezoidal, and semi—cylindrical) on flat sheets. The entrance and
exit regions were left flat even though the corresponding metal plates
being copied were not flat in these regions.

These models were therefors an approximation to the
plates under considsration. They did, however, represent a signifi-
cant improvement over the previous work of Watson et a1.£27) who
clamped a flat plastic sheet to a metal plate from a heat exchunger.
The Northeastern Universi%y workers were the first to attempt a
realistic simulation of commercial pressed plates for experimental
investigations of PHE's channszls.

In the present work investigating hydvodynamic behaviour
in the three-dimensional APV Junior PHE 1t was intended that the
plastic model should be as close a copy as possible of the metal
plate. The results would then be more representative of a typical
channsl with the advantage of transparancy allowing visual observation
during experimental WOrK, Therefore, instead of cementing ribs to
flat sheets of perspex, the possibility of producing replicas by
casting methyl methacrylate on a metal plate was investigated.

Initial attespts to do tiis failed dus to the complexities involved

13 voof i nin i ) hnical inform:ition, A
and the difficulty of obtalning suitable tech L

i e Teine sof tening perspex slabs by heating in a
different aporoach involving sof tening | L Y g

i cassful
i i 1t 1th & 41 olate was partially successiule.
press while in contact wivih & metal ple
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Transparent plates of tho same sh:pe 15 the metal plates were pro-
duced but the depth of tne corrugations was smaller than the
comaerciul plates, Nevertneless, these plates provad useful in
setting up the aposaratus and establishing some familiarity with the
experimental osrocedures,

It became apparent that a good replica of the metal
plate would only be produced by casting perspex from a liquid form
at low temperature. The former would ensure perfect following of the
shape of the mould while th2 latter would minimise shrinkage during
curing. The n=zcessary expertise was eventually discovered at
Stanley Plastics Ltd., Hambrook, Chichester where plastic repro-
ductions were obtained with a depth of corrugation of 0.038432 inch.
This is 2.1% smaller than the 0.08613 inch measured wish the
vertical pattern of a Microptic Measuring Machine on the metal
plates. It is unlikely that a more accurate replica could be
obtained in a transparent material. Fig.3.l 5hows a metal plate
alongside the perspex replica.

The model channel formed from plastic replicas in the
present work is considered to have the following advantages:

a) Since the replicas are identical in shaps and very similar in
dimensions compared to the metal plates, tne flow behaviour
throush the model chamnel should be similar to that in an actual
channel,

b) The transparent nature of the plates allows visual bservation
of the flow patterns ani an immediate indication of tne formation
of air pockets in any part of the channel, Tne latter has
occasionally given rise to erroneous resulis when sxperimenting
with metal channals.

c) It is possible to ensure witn transparent plates taat th= tops

7 [ B (o sal an .
of the ribs of botn plates forming the channel are 1n contact

under oll conditions oi flow.






46

In order to form a channel, the two perspex plates
must be 'positive! and 'negative! reproductions, i.e. they are
made by casting on the two opposite sides of a metal plate., Overall
dimensious of the plastic moulding are 63 x 12 cm with a minimum
thickness of 1,27 cm. The metal plates measure 57.8 x 7 cm. This
leaves a 2.5 cm margin around the perspex plates, These margins were
utilised in joining ths plastic plates by drilling 10 holes of 6.35 mm
diameter to accommodate bolts. Relatively large diameter washers were
used, on both sides, in conjunction with the bolts and nuts to spread
the sealing load. At the outset, more complicated methods were
envisaged, e.g. steel grids. However, they proved unnecessary with
respect to achieving contact between the plates and would have
impeded flow visualization.

The gasket used with the metal plates was utilised
along with the plastic plates to establish the "standard channel"
representing a channel of an actual pack of plates. Thicker gaskets
were obtained, and fitted, to increase the gap between plates so
that there was no longer any contact between the plates. These
neoprens gaskets were similar in every respect to thz original
gaskets aparf from the thickness which was 3.175 mm for the 'Gap 1'
channsl énd 4.7625 mm for the 'Gap 2' channel, The three respective
gaskets are shown in Fig.3.2.

When assembling a channsl, care was taken to tighten
the bolts to similar stresses. In the case of Gap 1 or Gap 2
channels, when there was no contact between the plates, overtightening
or unbalanced stresses could cause one of the mouldings to crack.

This problem is non-existent in the case of the staniard channel since
the many points of contact act to. spread the load supporting tha two
plates against cach other. Indeed, thuis fact was one of the means by
which the plates of tho standard chaunel were ensured to be in contact.

i <ibhle to cheok tne ntact visuall
1t was also posaible to cagcs the co Ve
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The inlet and outlet ports are 15.875 mm in
dlamcter and th: perspex sections of the inlet and outlet pipes
in contact with the chamnel, have an 0.D., of 22.225% mm., These
pipe sections were secured to tho

channel ani to perspex flanges,

at the otuer end, by 'perspex cement no.7t. Earlier attempts to
apply the simoler 'perspex cement no,6! produced leaks. Tne no.5
cement is perspex (polymethylmethacrylate) dissolved in the monomer
(methylmethacrylate) wnich sets by evaporation  of the latter,
whereas the no.7 cement involves polymerization of the monomer by
adding a catalyst then applying the polymer when it is still soft
resulting in welds of higher mechanical strengths.

The geometrical characteristics of the 3-dimensional
standard channel are illustrated in Fig.3.3. If one of ihe plates
is rotated by 180° the corrugations become parallsl or interlocking,
instead of crossing each other, resulting in a 2-dimensional channel
witn no contact between the plates. The equivalsnt dilameters of
the 3-dimensional and 2-dimensional channels would be thz same if their
volumes were equal., This was achieved and thz 2-dimensional channel
referred to as tne "parallel pattern", with waich only the original
gasket was involved.,

Fig.3.4 shows a diagram of the experimsntal rig. The
set-up was flexible for reasons whica will become evident, and ths
dashed lines enclose parts which were subjscted to freguunt changes.
The diagram features UP-Flow in the channel; DOWN-Flox was also
investiguted in 2ll tae channels undsr consideration. Tne delivery
of the Stuart Turner no.l?2 centrifugal pump* fluctuatea, alveit
insignificantly for most purposes. However, because of the .
sensitivity of pressure drop to flov in the range investigated and

. . : . L.
the high accuracy required in this work due to disparate results in

the past, it was decided to rely on a constant-head tank, Nevertheless
h " J

g air . oft the system or to clrculate
the feed pump was used to drive air out of' the 8ys C

¥ oGP 720/150  FELED.  10/45  [0.036 W ]
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W =120° for Junior

Geometrical characteristics of
channels formed by plates with
chevron -herringbone- corrugations

Fig. 3.3

the fluid when mixing was required. The differential pressure
instruments were usually isolated before operating the feed oump.
Physical limitations determined the available head,e.g. tne height

of the laboratory. To obtain maximum advantage from ths availables

head it was decided to minimize energy losses in conduits leaiing
to the channel. Another factor was that the fluii flow profile

should be reasonably developed before entering the channel. Tne

complexity of a peramancnt arrangaasnt taking into account both
UP-Flo% and DOWN~Flow would uniuly increase the resistance and
substantial pipe lengths would be required to develop the flow.

15.875 mm 'QVF' pipes and fittings were m2inly usea 1n the set-up

and flexible PVC tubes were introduced wherever necessary. The

5 . ' e e 3 L3y A
inlet and oullet pipe sections were arranged in a way muilhg hs

5 . aner aud guick bask whenever it
replacencnt of one by the other an easy aud Jules vass W
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was desired to reverse the direction of flow.

Flo# rates of water were measurcd by various com-
binations of the 'Rotameter Manufacturing Co.' no.10 and no.7/
rotameters., The no,10 rotamster with stainless steel float in-
dicates a mexinum flow rate of water of 2.0 litres/min ani a
minimum of 0,2 1itres/min, whereas a ceramic float would render
the maximum 0.9 litres/min and the minimum 0,075 litres/min. The
maximum rate of water flow encountered was 7955 litres/min in
conjunction with the Gap 2 channel corresponding to a Rs of nearly
5000. Thnis rate was handled by 4 no.10 rotameters with ss flosts.
The no.7 rotameter measures a minimum of 0,04 litres/min and a
maximum of 0./ litres/min wi‘h a ceramic float, increasing to 0.1
litres/min and 1.0 litres/min if replaced by an ss float. For the
four agueous glycerol solutions and very low flow rates of water,

a 'Fischer & Porter' FP-3-~17-G-10 flowrator was used. Taree different
floats were employed namely: %—GUSVT-AlO,%—GSVT—45—A, and -GSVI-il-A
having viscosity immunity ceilings (VIC) of 2.2, 5.1, and 7.1
respectively., Tne flowrator is unaffected by viscosity if the ratio
of the operating viscosity in centipoisss to ths square root of the
density in g/cc is less than the float VIC. The flowrator was cali-
brated by direct weighing of effluent whenever ths float or the system
was changed., At low rates of flow the flowrator calibration becomes
discontinuous. For such rates and lower, when the flowrator becomes
out of range, the specific rate was determined by direct weighing of
effluent at ths same time the corresponding differential pressure
measurenent was recorded. ’

The use of viscosity-immune floats was thought to be
simplei and cheaper than the alternative of maintaining tae system
at a constant temoerature. A mercury-in-glass thermometer with

0.1°C divisions was used to indicate the temperature of the fluid
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prior to it entering the ch-nnel.

Needle valves were used wnenever fine control of
the flow was necessary e.g. before the rotameters, In order to
prevent air from getting into the system at low rates, back
pressure was applied by a valve downstream in the chamnel outlet
pipe. A solenoid valve was incorporated into the dye circuit in
order to supply pulses of dye which was administered through a
hypodermic tube. The most suitable dye for flow visualization
proved to be methyl-soluble-blue.

All the vessels were assembled from standard 'QVE!
pipe’ sections, hemispheres, and reducers. An overall picture of the
experimental set-up could be seen in Fig.'s 3.5 and 3.6.

Apart from distilled water, the four aqueous glycerol
solutions used in the experiments had the physical properties shown

in Table 3-I.

Percentage Glycerol Dynzmic Viscosity Density at 20°C
W/W at 20°C; cp. g/mé
30415 . 2.,5152 1.0712
41.95 - 42.10 4.09655 - 4.1261 1.1026 - 1.1030
50.45 ' 6.206 1.1255
6545 16.08 1.16667
TABLY 3-I

Aqueous glycerol was chosesn on three accounts. It is
one of the most extensively examined systems and its physical pro-
perties are widely reported in the literature. It is chamically safe
to use with respect to the perspex channel and experimeatal rig, and
the operator. An organic chemical was available, to be used as
manometer fluid, reasonably inexpensive, totally immniscible with the

system, having a2 density fairly close to those of the aqueous glycerol

solutions, and not prohibitively dangcrous to handle.
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As far as this work is concerned, glycerol has ons dis~
advantage, the fact that it is hygroscopic, Howsver, this property
becomes less signi®iecant as the concentration of glycerol in the
solution decreases, On the other hand the evaporation of water gains
significance as the solution is diluted. In fact these phenomena could

-

: effects of each other establishing equilibrium if the

S

cancel th

¢

correct humidity is prevalent,

Chemically pure, highly concentrated, glycerol
(ca.99%‘W/W) and distilled water were used to prepare the desired
solutions. After introducing a particular solution into the set-up
it was further mixed for total consistency by operating the reed and
recycling circuits. All the punps were controlled through variable
transformers (Variacs).Physical anslyses were carried out on samples
drawn from different locations in ths rig . During such operations
the differential pressure instruments were disconnected.

The two physical proparties determincd were primarily
refractive index and secondarily density. Both properties were
utilized to establish and check the concenbrations of the different
glycerol solutions from data available in the literature. Perioaic
refractive index measurements were canducted to detect changes in the
concentration of any particular solution during the period of experi-
mentation. Hence, the importance of an accurate determinztion of the
refractive index cannot be over stressed. An 'ABBE 60' high accuracy
refractometer was employed. This instrument indicates tus refractive
index valuc to five figures after tac decimal point while the literature

quotes four. Prior to each measursment the insbrument was checkad us?ng
freshly prepared distilled water. It was mzintained at 20°C by a
heating/cooling system. Accurate determination of the density was
achieved by ensuring that the volume of the dexnsity bottle was at least
25 met*),

ey ities were not measuved through the use of visco-
Viscosities



56

meters, rather they were determined from the literatuce after the
exact concentrations were establisned. It was taouzht that standard
vazlues would be more meaningful since density and refractive index
are considerably easier to measure accurately than viscosity.
Variation of viscosity with temperature was always taxen into
account. Since aqueous zlycerol solutions viscosity data are
available from 20°C to 30°C it is advisable to operate within this
range, and in this work the temperature was either 20°C or slightly
higher,

Fig.3.7 shows a diagram of the differential pressure
measuring instruments, depicting UP-Flow situation. As can be seen
there are four pressure tappings. Those at the inlet and exit
pipes are about 6 cm away from the channzl and consist of 3.797 mm ID
stainless steel piezometer tubes, The other two are situated along
the vertical centre line of the channel at the two points where the
width available to flow ceases to be constant and starts narrowing.
Bach consist of 3.175 mm ID perspex tubes, and was made by drilling
a 3.175 mm hole through the thicknsss of one perspex plate to the
bottom of a valley on ths corrugated side. A larger hole of
15.525 mm diameter was drilled half-way through the thickness of the
plate starting from the flat side, to accommnodate the verspex tube.
Perspex cement no.7 was finally applied to secure the tubs in positiown.
This tapping is illustrated in Fig.3.8. Taat part of ths channsl
between thsse two tappings is designated 'ribbed section' or simply
'ribs'. The 'entrance' and 'exit' include the 90° sharp turns plus
the areas at the two ends of the channel where the width available.to
flow is variable. Tane tapping points for pressure drop measurements
are indicated in Fig.3.7.

In addition to the instruments depicted, a well type

ine lincd—tube manometer was used, However, satisfactory results



Fig. 3.7 — Schematic diagram of differential pressure measuring instruments
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Fig. 3.8

essstsexy | vectional-view of channel pressure tapping

i)

were not obtained dus to its peculiar behaviour, Unexpected be-
haviour was also noticed, under certain conditions, in conjunction
with U-tube manometers containing CC€,; and well manometers con-
taining CC&y on CeHs Br. These aspects are discussed in Appendizx
A-2.0.

The area of the well in a well manometer should be
at least 500 times larger then the area of the vertical leg in
order that the change in the well fluid level becomes negligible(ig).
Hence, only the change in the vertical leg fluid level need be
considered when measuring the pressure drop.

CCly has a specific gravity of 1.595 whereas that of
CeHsBr is 1.495. Technical dyes, in very small quantities, were
used to colour thsm since both are colourless. These were
azobenzens and 4-0-Tolylazo-O-toluidine 2-Naphthol respectively,
Bromobenzens was chosen because it is completely immiscible with
aqueous glycerol, it must be pointed out that care should e talen
in handling it for its vapour is quite harmful. The fact that both
bromobenzene and carbon tetrachloride attack perspex chemically
necessivated the use of' a system of traps to protect the channel,

The two micromanometers employed were the 'MDC! type

manufactured by 'Furness Controls Ltd.'. Because they were designed
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£

to me2sure gas dilferential pressure, therefore a system of re-

J
servoirs based cn Benedini's technique(g) had to be introduced

to render them suitable for liquid differeatial pressure as seen

in Fig.3.7. The MDC micromanometer has 5 ranges with a maximum

of 100 mm Wg (981 N/w®) at fa1l scale deflsction (FSD). The

lowest range indicutes a maxiaun of 1.0 mm Wg (9.81 N/m®) at FSD.
Since tie scale has 100 divisions it is possible to measure pressure
drops of the order of 0.0l mm We.

The measuring head orf the DG micromanometer consists
of two symmetrically arranged cavities separated by a taught mstal
diaphragm. This diaphragn, together with a fixed electrode on
either side, forms two capacitors which are part of tha tuning
capacities of two tuned circuits, both equally coupled to an R.F.
oscillator, Movezent of +the dizphragn causes a varistion in ths
capacitance between it and each ad jacent electrode, thus unbalancing
the voltage across the tuned circuits. These voltages are compared
by a differential voltuster, and the difference is amplified and is
shown on a meter calibrated directly in pressure. Calibrations of
the micromanometers wére mechanical, done prior to experimentation,

There was considerable overlapping among the rangss
of ths differeat manometers which served as a check and made error
analysis feasible. These aspects are considered in the Apoendizx,

Flexible and transparent PVC tubing (6.35 mm) was
used as pressure leads. 'Union'-clips were employed to secure the
PVC tubing to menometers, glass T-pieces, and pressuie tapoings,
Screw-clips were extensively used with the PVC lines to isolate .
manometers,

The procedure for the operation of +ths rig was as
follows:

(1) Having isolated toe mzuometers, leakage in the chamnel was

checked by putting the feed dumnp on maximum power. The key



(i1)

(iii)
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contd.

to ths leakage problem was the oroper fitting of the gasket
and ths zpplication of equal strcsses on tho bolts. The
best adhesive for fixing tne gasket proved to be that
supplied by the plate wmanufacturer (The APV Co.). A thin
layer of it should be applied to the gasket groove., All
adhesives contain chemicals which are likely to affect
perspex in varying degrees, therefore care should be taken
to conf'line it to the groove and it should be removed
mechanically.

Air was driven out of the system utilising the feed pump.
The manometers and the pressure leads would than be filled
with the consistent system ensuring no air remained.

With no-flow the manometers were zeroed or their no-1f'1low
readings recorded.

The flow was then gradually increased relying on the
constant~-head tank only. Each manometer reaching its
limit would be isolated. When all the manometers had been
isolated, flow was increased to tne maximum thcn brought
gradually down connecting the diffferent manometers as they
came into range. Hence, pressure drop measurements were
conducted with the flow increasing as well as with it
decreasing, Temperature of fluid entering the channel

was recorded vefore each measurement,



CHAPTER

RESULTS
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4.0) RESULTS
The definitions of tne dimensionless groups, variables,
and naramcters used in the graphs and empivricul focmulac are as

follows:~

Re = £L%¥iil (4.1)

.t x Channel Volume

De = (4.2)

Developed Heat Transter Area

Volumctric Flow Rate

u = (4.5)

Area of Flow

GChannel Volune
Channel Developad Length

Area of Flow (Laly)

The channel volume and developed length correspond to the developed
heat transfer area, Both the developed length and tns developed
heat transfer area were quoted by the manufacturers.

The channel volume was determined by filling it with
mercury to a certain levsi, then an exact amount of mercury was
added and the apparent change in the level mecasured. To obtain the
developsd distance the Hg level travelled, the apparent chaunge was
multiplied by the ratio of developed to projected area. By simple
proportionality the volume corresponiing to the channel developed
length was established. Details of this determination are given in
Appendix A-3.0.

&y Do (4.5)

2pudL

AP De
r

T 2pu”L

(4.6)

where the subscripts t and r refer to the 'total' and 'ribbed ssction'
respectively; L is the channel develoved length. Tne entrance and
exit pressure drops are designated APen and APex respectively, see

Fig.3.7.



4o 1) STANDARD CHANIEL

Table 4.1 lists the important parameters:

Developed heat transfer area/plate eee 258,064 cm®
Devéloped length cce 47.2 cm
Dcveloped/projected area ces 1.18 -
Channel volume eese  49.776 cm®
Equivalent diameter cee 0.386 cm
Area of flow cee 1.0546 cm®

[TABLE 4.I]

Figae's 4.1 to 4.6 show the experimental data for the
ribbed section (allowing for anomalous pressurs drops, appendix
A—Z) for the various systems employed. Fig.Lk.7 shows the combined
results apart from some points at less than Reynolds number of 5
where the extremely low peressure drop caused a high degree of
scatter. The following empirical relationships are proposed to

describe the data in Fig.l.7:

' 36,418
(3 < Re < BOO) fl" = -———Re + 00307 (4.7)
(300 < Re < 3000) £, = 1.770 Rg ©*28° (4.8)

62

Fig.'s 4.8 to 4.15 show ths corresponding results for

[

o)
O
rs
ct
142)
.

the overall pressure drop including the contribution of th
Figelel6 is a composite of 2ll the results apart again from scme
of the water results, at the lower end of the range , which ware

excluded. The equations best describing tha results as seen in

Fig.k.16 are as follows:
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Standard Channel
DOWN-=-Flow ;
System: H,O
1.0 . H
e T S o
i R ‘[ R
R T | ST i e i [ P S S
'ﬁ”iﬁfﬁﬂ ,,,,,, | o I ge | 1'[i
’ o ' R i . TR R ’ -
i o : ,{ L 1
O.]2 3 B ] 3 - ‘ « 1;‘ gl 4
10 Re 10
Fig.4.2
(3 £ Re £ L400) f, = —%5-2 + 0.461 (4.9)
(400 < Re < 3000)  fy = 1,750 Re™0°*%6 (4.10)

Fig.4.17 to 4.21 show the contributions of ribbed,

entrance and sxit sections to the channel total pressure drop. A

common legend has been adopted for these figures (Table 4,II):

;/(l)%cé)snfy(ccl;) Direction of Flow
] 16.1 Up
a 16. 1 DOWN
A 6.2 up
4 6.2 DOWN
¢ 4.1 upP
o) 4.1 DOWN
S 2.5 up
<o 2.5 ~ DOWN
v 1.0 up
v 1.0 ~ DOWN

TABLE 4-IT
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50.45 %, Aq. Glycerol

Std. Chan.
UP-Flow
System:
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Fig.L.3

Figolialy

DOWN-Flow

Std. Chan.
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Std. Chan.
UP-Flow

System :

41.95% Agq. Glycerol
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The very fuw cases where the individual contribu®tions did not add
up to approximately 100% resulted in the rejection of the least
accurate components of the data.

The entrance in the case of UP-Flow is the lower
port, however, it becomes the upper port when the flow direction
is reversed. The exit, in turn, becomes upper or lower port in

UP-Flow or DO¥N-Flow resgectively.

4.,1.1) FLO¥ VISUALIZATION

Fig's 4.22 to 4.26 show the results of flow visual-
ization experiments performed in conjunction with the standard
channel., UP-Flow as well as DOWN-Flow situations were considered.
65.45% ag.gylcerol was the system used in the test depicted by
Fig.l4.22; water was employed in the rest. As can be seen,

Fig.'s 4.22-4.2 involve single dye filaments wnereas Fig.'s 4.25
and 4.26 depict velocity profiles as 2 result of injecting pulses of

dye.

La2) GAP 1 CHANNEL

The parameters differing fron those of the standard

channel and their valuss are as follows:

Channel volume cee 62.58i cm®
Equivalent dianeter ces 0.485 cm
Area of flow .o 1.3259 cm®

[TABLE 4.III]
Details of thz determination of the channel volume are given in
Appendix A.5.0.
Fig.4.29 contains thes cesults shown in Fig.'s 4.28

and 4.27. The folloving reilationships are proposzd to descridbe the

data in Fip.4.29:
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(210 < Re < 3000) £ = é§§2&§ + 0.123 (4.11)
(700 < Re < 3000) £, = 0.61l4 Re 0194 (4.12)

The combinzd data of Fig.'s 4.30 and 4.31 could be
seen in Fig.k.32. The following empirical equations were developed

to describe the combined results:

(150 € Re < 3000) £, = ggéggg + 0.206 (4.13)
(750 s Re < 3000) fy = 0.592 Re™ 0124 (410

Lko3) GAP 2 CHANNEL

The table below gives the relevant values of the volume,

De, and the flow area:

Channel volume ees  38.392 cnm®
Equivalent diameter cee 0.685 cm

Area of flow vee - 18727 cm
[TABLE 4.IV]

The results in Fig.'s 4,36 and 4.37 appear tosether in

Fig.4.38, and the followiaz models best describe the conbinad data:

(120 € Re < 5000) £oo= Eéﬁggi + 0.056L (4.15)
(1400 < Re < 5000) £, = 0.362 Rg"©-216 (4.16)

The relationships susgested for the data of Fig.'s 439
and 4.40 as shown in Fig.L.41 are:

(90 < Re < 5000) £, = 25 L o166 (4.17)

(1800 < Re < 5000) it 0.471 Re™0*128 (4.18)
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4oy) PARALLEL PATTERN CHANNEL

Fig.l 45 shows the results of the test conducted
on the 2-dimensional parallel pattern channel, The data corres-
ponding to Re 2 250 was correlated as follows:

£, = 0.8,.3 Re™ 0199 (%4.19)

The channel parameters are ths same as those of tane staniard
channel mentioned earlier in Table L.I.

The statistical as?ects of 21l the eumpirical re-
lationships reported in this chapter are presented in

Appendix A-4.0,
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5.0) DISCUS3ioN

5.1) DSFLNILCONS Al SSTIMATIONS OF PARAMETERS

If comparisons between different plate heat exchangors
are not envisaged and one is determining the performancz of a parti-
cular exchanger solely to predict the performancs of that heat
exchanger with another fluid or anothor duty, then the choice of
defintions of parameters can be totally arbitrary. However,
definitions matter when comparisons are to be made with other types
of plate. This situation becomes more critical in the case of
3~dimensionz2l trough form plates. TFor instance, the plate projected
area is important in an economic assessment, and is a sigaificant
factor in plate maanufacture but it is irrelevant In considering
plate performance. The comparisoa of one trough form with anothur
in terms of their heat transfer and pressure drop characteristics
must be based on the daveloped area, i.e. the concept of heat
transfer coefficients and pressure gradients cannot be applied in
a >-dimensional geometry using 2-dimensional and on2-dimensional
terms. Furthermors, the basic nature of the oresent wori also
demands special counsiderations for the definitions and estimations
of the relevant parameters,

The equivaleat diasmeter as defined by equation (4.2)

is really an equivalent to the equivalent diameter which is:

Lt x Flow area

De = Wetted Ferimeter (5‘1)

The concept of equivalent diamcter as expressed by equution (5.1)
is empirical and has no theoretical justification and in some
geometries (e.g. annuli) with laminar flow it nas been snowa to
lead to errorstt0), Nevertheless, because the flow channels in a

-

PHE are complex and an analysis of the performance, based on the
cquations of wotion and encrgy, is impossible the use of equivalent

diameter enables us to envisage the flow between plates as flow in
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a straight pipe of diameter De.
For channels, mede from 2-dimensional flat plates,
in which the plate gap b is negligible in compuarison with the

plate width W, equation (5.1) could be reduced to:

Lt s

D — e s e —

Sy o6 - Zw = P (5.2)
Equation (5.2) was spplied not only to 2-dimensional trough fom
plates but aleo to 3-dimensional ones until Parrott(2°) suggested
the definition given by equetion (2,10) for the 3-dimenzional
plates.

Even in some recent workson 3-dimensional plates the
fluid velocily and pressure gradient are still being based on a
2-dimensional plate flow area (cf. equations (2.11), (4.3), and
(4.4)) and a projected chennel length respzctively.

The developed heat transfer area of a olate is a little
less than the wetted plate area, the difference depends on the
particular plate design. Therefore when considaring equation
(5.1) it can be deduced that it is thc wetted surface which
should have been used in equation (4.2) rather than the developed
heat transfer area. This is not so because the plate developed
length used corresponds to the developed heat transfer area, which
were both available. In any case the difference between the two
areas is rather small in the APV Junior plate.

The perspex mod2l made direct volume determinztion
possible and thsrefore strict adherence to th2 definitions given

at the beginning of Chapter L was achieved.

5.2) STANDARD CHAYNEL RIB3ED SECTION

Fig.L.7 revzals that up to a Reynollds number of about
12 the ribbed section friction factor fr is inversely proportional

to the Reynolds number. The slope of virtually minus one signifies
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laminar {low, being anzlogous to the Hagen-Poiseuille equation for

develoged lawiusr flow in lubes, However, Cattel1(?®) angd Parrott(®°)
indicate that recent studies at the APV Co. inte the local {low be-
haviour of water within the channels of a pressed form showed cvidence
of" separated flow extending into the laminar region. On this evidence,
the notion of continuous boundary layer in laminar flow is invalid and
therefore casts doubt on the assumption of true 'laminar' flow in

PHE's prompting the use of the term 'viscous flow'.

As Re increases, the hydraulic entry length is in-
creased causing change in the velocity profile - the transition region.
However, the extremely gradual nature of this change, as indicated by
FPig.l.7, implies only a limited level of turbulerce up to a Reynolds
number of 100, This may be termed the 'quasi-viscous' part of the trans-~
ition region where the mechanism is basically controlled by laminar
boundary layer(s) subjected to separation. The degree of turbulence
seens to increase rapidly beyond a Reynolds number of 100 until the
friction factor becomes virtually constant and independent of Re in
the range 200 € Re € 300. In the 100 < Re € 300 ‘quasi-turbulent'’
part of the transition region the separated boundary layer(s) have
probably become partially laminar and partially turbulent. The in-
dependence of transiticn flow from flow history, i.e. as Re is experi-
mentally increased from viscous through transition tc turbulent flow
and back again the friction factor follows a unique path without
hysterisis, supports the thecry that a PHE channel acts as an entrance
region which reacts immecdiately to changes in flow ratel 13

The high concentraticn of' data points in the Re rénge
150 to 400 resulted from the unexpected shape oi the cuive 6btained
from the initial work. Since the kink had not been reported else-
where, all other published werk indicated a smooth curve in this region,

it was considered necessary to pay particuler attention to this area.
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A large number of runs sere therefore carried ont under very care-
fully controlled conditions to ensure that the results presented
in Fig.4.7 were genuine and repeatable.

The apparent discontinuity at Re = 300 is probably
the result of change in the boundary layer(s) from partially
laminar/partially turbulent to completely turbulent and therefore
ths start of the turbulent region. It may be interesting to note
that the ribbed sectioun friction factor/Reynolds number relationship
bears striking resemblance to the drag cosfficient/Reynolds number
relationship of a circular disc with the flat side perpendicular to
flow'®2) to the extent that the discontinuity occurs at almost the
same Reynolds number. The drag on such an object is totally due to
normal stress with virtually no tangential stress. It is, however,
difficult to visualise the complex geometry of the PHE channel with
its continually changing shape %o be equivaleni to that of a flat
disc.

Fig.L.7 shows no secondary viscosity effect, i.e. the
friction factor seems to be a function of Reynolds number only.
Parrott(2°) revealed taat for 2-dimensional trough forms the
transition region is given by a family of f~Re curves whoss parameter
is viscosity, with a low viscosity fluid giving rise to a higher
friction factor - pressurs drop - than a more viscous onc at the
same Reynolds number, This is explained by ths fact that in a
2~-dimensional geometry, expansion and contraction of +the fluid
elements 1s not experiencad and changes of direction are only
accompanied by changes in momentum of the fluid bouniary layer, ’
which are a function of visoosityf In a 3-dimensional geometry,
hoxsver, th: fluid {lows throuzh i series of cavities of varying
cross-section, where alternate exnansion and contraction of +the fluid

elements takes placc. IHence, energy loas is mainly due to eddy
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ef'ffects which zrc only dependent on Re.

The direction of flow doss not seem to have any effect
on the friction fuctor/Keyuolds number rclationship. This is borns
out by Fig.'s L.1-4.7.

I a single best~fit Ergun tyoe modal 13 employed to
correlate all ta2 data of Tig.h.7 on the lines suggested by

Edwards et al.(®°) then it will be 25 follows:

(3 <Re < 3000) 1, = 838, g5 (5.3)

Equation (5.3) could be re-arranged in the following manner:

B é6.329
£, = 0.319 = 22222 (5.4)

Taking the logs of both sides:
log(f, = 0.319) = log 36.329 -~ log Re (5.5)

If the model expressed by equation (5.3) holds then a plot of
log (fr - 0.319) vs. log Re should proccuce a straight 1line with a
slope of minus one. The result is shown in Fig.5.1. It is evident
that equation (5.3) holds reasonably well only up to a Reynolds
number of about 220. The discontinuity in the data is rather
dramatically illustrated in the figure, followed by points indicating
the failure of the Ergun type model. Consequently it was decided to
fit an Ergun type relationship for tihe data in the range 3 < Re <.300,
equation (4.7), and 2 straight-line model for the data in the range
300 < Re < 3000, equation (4.8).

It must be pointed out though that equation (4.7) is
not really the best model for th: data in the range 200 < Re < 300
since it represents a shallow curve and the frictioa factor is
virtuzlly constant (average fr = 0.465) or has a slightly increasing
tendency with increasing Re in this range, In fact, the curve

represcented by cquation (4.7) cuts througih the data in the

200 s Re < 300 range predicting a slightly higher pressurs drop
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ghtly lower onz at the beginniug and end of this range

and a sli
respectively.  The standard percentage error of cstimate (root
mean squarc value of percentage error), a measure of the data
scatter about an cmpirical model, pertaining to equation (4.8) is
2,79 wiich is 3-times less than the valus of 8.58 resulting from
equation (5.3) in the range Re > 300.

The plastic model employed in this work represents
an end channel of a single-nass U arrangement (Fig.l.l) and it may
be argued that the discontinuity at Re = 300 could be duc to the
disturbance the fluid is subjected to, at the entrance to the
channel. Howevar, the data of Savostin and Tikhonov(®2) on
specimens B-4 and B-5 (Fig.2.4) suggests that the observed dis-
continuity is characteristic of the hydrodynanic behaviour in this
geometry -since the entrance effect was accounted for and removed
(equation.@.29)) It is interesting to note the effect of the angle
¢ between the corrugations of adjacent plates on the Reynolds number

at which the kink occurs (120° for the Junior and 56° for B-i).

5.3) THE STANDARD CHAIN'EL

The inclusion of the entrance and exit pressurz losses
in the pressurs drop used tu calculate the resistance cocfficient ft
seems to have had a significant effect on the hydrodynamic character—
istics as could be seen in Fig.4.16. In addition to the higher
friction factor, the aiscontinuity at Re = 300 has become insignificant
and almost unnoticeable., Instead, a marked discontinuity appears to
take place at a Reynolds number of 400.

The resistance to flow in this case is due to the two
sharp 90° changes in flow jirection aud the possible flow separation
at the edoes of thz two ports, in addition to flow separations which
occur at the numerous chunges of direction in the tortuous flow

passage and of coursc frictional losses. Furthermore, an additional
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disturbance results from the variable flow srea in tht regions
oi' the two ports giving rise to a constantly chuanging velocity
profile,

The data of Fig.4.16 run parallel to those of Fig.h.7
in the viscous region, i.e. up to Re ol about 12, however the gap
between the two sets increases gradually in the transition region
reaching a maximum just before the discontinuity at Rec of 300, The
two sets of data become closer at Re > 300 with the difference
between them starting to increase very graduzlly at the end of the
range,

Apart from the foregone discrepancies, the two sets of
data are similar and the comments on the ribbed section results
apply here as well., This is confirmed by Fig.'s 4.8-4.,16,

Equations (4.9) and (4.10) are a reasonably accurate
way of describing the data of Fig.h.16. A more accurate description
for the data in the range covered by equation (4.9) would be achieved
by fitting a Hagen-Poiseuillc type relationship for the data in the

viscous region up to an Re of 12, namely:

_ 46.85
ft - Re <506)
and an Ergun type model for the data ovar the range 12 <€ Re < 400
which would be very similar to equation (4.9) itselr. Howsver,
the marginal increase in accuracy is more than offsct by the use

of two equations instead of one. The other extresc would be to des-

cribe all the data by a single Ergun type equation, namely:

(3 <Re < 3000) £y = =5 4 0,46 (5.7)

This equation, clearly, is very similar to equation (4.9) and there-
fore it is the range corresponiing to Re > 400, the fully-turbulent

ts use.

B

region, which will be at a disadvantage because of
Equation (4.10) indicatcs a sanller slope for the standard

channel data corresponding to Re 2 400 (—0.196) than that pertaining
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to the ribbed section data in the range Re 2 300 (-0.230) pointed
out by equation (4.8). This suggests that tne ecatrance and exit
inclusion has lessensd the dependence of the friction factor on

Reynolds number implying higher levels of turbulence.

5.p)  AJALYSIS 0F STANDARD CHANITSL PRESSUIE DROP

In spite of the scatter in the data of Fig.4.l7, the
variation in the percentage contribution of' the ribbed section, to
the standard channel total pressure drop, with Reynolds number is
clearly revealed. This contribution seems to be almost constant in
the viscous region al about 81.5%. It then gradually decreases to
80% at a Reynolds numbsr of Just over 40. The decline in the ribbed
section contribution becomes rapid as Re is increased to more than
45 and reaches a recorded minimum of about 70% at a Reynolds number
of around 200. The turaing point takes place at Re = 300 beyond
which the contridution increases and seems to stabilise with an average
of about 78.5% at Re > 1000. The Reynolds number at which the con-
tribution terminates its desceat corresponds to the point at which
the discontinuity in the fr vs. Re relationship was observed
(Figolia7).

The.general trend given by Fig.'s 4.18-4.21 regarding
the entrance and exit contributions, to the total pressurs drop df
the standard charmel, is that it is constant in the viscous region,
increases to a maximum in the transition region, followed by dis-
continuity, it then becomes stabilised in the fully-turbulent region.
However, it is evident that discrepancies exist among ths four graphs.
In the viscous region the contributien of the entrance (Fig.'s 4.18
and 4,20) averages about 8% which is lower than the 11% average con-
tribution of thzexit (Fig.'s 4.19 anl 4.21), It is important to
note that tnz terms eatrance and exit refer to different ports

depending on the dircction of flow. In the transition region up to
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a Reynolds number of about 70 the entrance (or exit) contribution
trend seems to be indcpendent oi' the flow direction and therefore
whether the port is the upper or lower one, in spite of the scatter
in the data, i.e. in the range 10 < Re < 70 Fig.4.18 is similar to
Fig.4.Oand Fig.L.19 is similar to ¥ig.,.21. However, in ths re-
mainder of the transition region it appears that the location of

the port becomes more important, i.e. in the range 70 < Re < 300
Fig.h.18 is similar to Fig.,4.2] and Fig.4.19 is similar to Fig.L.20.
The upper port contributes morz than the lower one and the maximum
recorded was 15% of the channel total pressure drop at a Reynolds
number of about 200. In the turbulent region, the average port con-
tributions in Fig.'s 4.18-4.21 are 12%, 10%, 8.5%, ani 11% of the
total pressure drop respectively.

Small physical differences in the gasket around the
ports could be expected to have an effect on the pressure drop.
Another effect could be expected from the changes in shape of the
flow channel: i.e. entrance is from a circular pipe into a rectangular
duct which increases in cross-sectional area into the contoured
surflace section of the PHE channel proper, while the exit has the
reverse description. Flow in the pipe leading to the entrance was
generally fully developed during experimental work whereas flow in ths
pipe at the exit was disturbed due to the geometry of the port.

In order to utilise the available pressure drop pro-
ductively to generate the maximum heat transfer coefficient it Ffollows

that as much of this pressure drop as practicable snould be consumzd

in the ribbed section and that tne losses in the ports be Xept to a
minimum,., The foregone analysis of the contributions of the ribbed
section and the ports suggests that the gquasi-turbulent part of tae
transition region does not ajpear to be conducive to the productive
utilisation of the pressuce drop in comparisoa with other floy regions,

This argument, at this stage, applies only to the single modal-chamel.,
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5.5) STANDARU CHANNET, WLOY VISUALISATION

Obscrvations with dyc can be misleading and are only
qualitative. It was still Telt wortavhile to includc photographs
showing the dye behaviour because some upheld the trends suggested
by the quantitative experimsntal results and the others may be of
use to other workers. Taus it is consicered that the dye results
should not be over influential yet at the same time they should
not be disregarded. It is emphasised that the dye filaments were
obtained by injecting the dye with as low a velocity as possible
through a hypodermic tube, or when a pulse of dye was involved by
the very rapid opeaing and closing of tihe solcnoid valve.

Fig.h.22 depicts the behaviour of a dye filament as the
flow rate is gradually decreassd from one corresponding to a Reynolds
number of about 12 to a rate corresponding to Re << 3. Therefore,
the viscous region is involved here. The medium is 65.45% aqueous
glycerol and the direction of flow is upward. The sequence starts
with the dye filameat travelling "straight" up the channel. The
word "straight" in the context of the channel geometyy is in practice
a sinusoidal line, TWo minor splits occur at the lover half of the
channel, but otherwise the filament remsins intact. It must be
stressed that the dye flow was left unpurturbed as the fiow rate
was decreased. The filament shifts from the left side of the chaﬁnel
to the right side and the "straight" path becomes a unimode curve
at Re of about 5.5 and 4.3, Diffusion of the dye is also‘observed.
This is due to the increasing residence or hold-up time, The
unimode path becomzs bimode when the flow corresponds to Re of less
than 3 and greater diffusion of the dye tak:s place., 4s it enters
the channel, the filament keeps shifting tovards the right side and
in the last frame of the set it is travelling alongside the gasket
in the lower right side of the channel,

In Fig.h.23 the medium is water instead of aqueous
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glycerol, i.e. the viscosity is 16-timcs lower, but the dirsction
oi [low remuains upward. Hence for the same Reynolds number the
flow ratc ol waler is roushly 16-fold higheor than thet of the
aqueous glycerol because the variation in the density is very

small, The starting flow rate corresponds to a Reynolds number

of about 4 and 5 gradually increased to a rate corresponding to

Re & 46 , thereforec covering both viscous as well as transitional

flow. In the first frame the dye filament is travelling up the

lef't side of the channel in the tiny recess adjacent to the gasket
formed by the termination of the corrugations on the side furthest

from the inlet port. The filamsant could be seen clearly in the

exit region of ths channel leaving the recess. This path, obviously,
offers the least resistance to flow. Diffusion of the dye is evident.

As Re increases, more dye splits from the filament flowing back and
forth across the channel in a zig-zag mannsr, Hozever, the 4th frame
shows that at a Reynolds number of about 18 a substantizl amount of

dye is still flowing in the filament next to the left side of the gasket.
The last frame is typical of transitional flow #ith part of the dye
going "straight" up and other part going up zigzagging across the
channel. It also appears that in the transition region the flow in
the channel is viscous 2t the beginning thsn becoming turbulent doﬁn«‘
stream. The extent of each regime depends on the Reynolds numbef.
This may explain the gradual and sxtensive transition region as
observed in the friction factor - Reynolds number plot.

Figel.24 shows a sequence similav to that of Fig.4.23
except that the flow direction is doswnward instead of upward. These
photograpnhs show tne dye filament travelling down the righ£~hand
side of the channel near the edge adjaccent to the inlet port. Aoart
from this differeunce the comments on Fig.L.23 apnly here as well,
i.e. move cross ilow as Re increases rendcring the filament fainter

until it disappears altogether. The last frame corresponding to a
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Reynolds number of about 46 is very similar to the one in Fig.ha23
con'irming the existence of "straight" and cross or zigzagging
viscous flow followed by turbulence downstrean.

At higher Reynolds number, {low visualization is not
possible because of the immediate dispersion of +he dye.

The 7-frame sequence in Fig.l.25 shows the development
of the velocity profile in the viscous region at a Reynolds number
of about 10. The system is 65./5% aqueous glycerol and the flow
direction is upward, The effect of the 90° sharp change in {low
direction from a circular pipe to the channel, followed by conver-
gence and then divergence as the flow area increases to a maximum
at the end of the entrance is clearly there. At the beginning of the
ribbed section tie velocity profile is almost flat, then the
parabolic profile starts developing gradually. However, it takes
more than one-half the channecl length before the profile is fully
developed (cf. Lth, 5th, and 6th frames).

In Fig.4.26 the medium is water and thc upward flow
corresponds to 2 Reynolds number of about 25, i.e. quasi-viscous
flow. In this case, the disturbance due to the port is obviously
greater. The fact that both ports are on the same side of the
channel (vertical flow) is causing the fluid to trevel faster in
the ports side, Thesse factors are evidently affecting the
development of the velocity profile as could be establishcd from
the 8-frame segquence. It therefore seems that the whole plate length
lies within the entry length required for the velocity profile to be
fully~developed,

It should be noted that at higher Reynolds numbers tne
main factors contributing to flow disturbancss are the geometry of
the plate and the 90° sharp turn plus the entrance region, in which
case the positioning of thzx two ports on one sidc or on oppogzite

,(4)_

sidos bocomes of minor importance
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5.6) GAP 1 CHAXML RIBBED SECTLON

In the gzas 1 channel there is no contact between the
plates and th2 equivalent diameter is 1.256 times tnat of the standard
channel, Waﬁer was the only medium used in this channel and gressure
drop data were obtained in the range 200 < Re < 3000 sith respect
to the ribbed section. No significant difference was observed
between UP-flow and DOWN-flow as could be established from
Fig.'s 4.27-4.29. The first thing to be noticed about the ribbed
section data of Fig.4.29 is the disappearance of the discontinuity
observed at Re = 300 in the standard chaansel ribbed section fr—Re
relationship. Instead there is a marked changs of slope at a Reynolds
number of just over 700, probably indicating the start of the fully-
turbulent regime. At a given Re, the friction factor has evidently
become lower than the ons relevant to the standard channel ribbed
section (Fig.4.7). Hence, the fr—Re relatioaship corresponding to
fully-turbulent flow, for instance, is lower and to the right of
the corresponding one in Fig.L.7.

Equatiog (4.12) indicates less dependence of fr on Re
(slope of ~0.19)) than the czse with the standard channel (slope
of -0.23) pointed out by equation (4.8). All the results of Fig.,.29
could also be correlated in a single Hrgun type equation, namely‘
equation (4,11). It may be interesting to note that the first term
in the right-hand side of equation (4.11), accounting for the
viscous forces dominant in the viscous region is very similar to
the corresponling one in equation (4.7), pertaining to ths standard
channel ribbed section, whereas tne second term, which is the
turbulent contribution to the prassure drop becoming important at
higher Reynolds numbers, is only 0% of the corresponding term in
equation (4.7). This suggests that the effect of the loss of

contact between tha plates becomes more pronounced as Re increases,
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i.e. the gap betucen ths data of Fig.'s 4o7 ond 4.29 increases

with Re, highlighting the imoortance of contact between the

fidcient

plates in tae attzinment of high heat transfer coo

pressure drop in the turbulent region.

5.7) THb GAP 1 CHANNEL

The inclusion of the two port regious (Fig."'s 4.30~
4.52) does not seem to have aliered the nature of the friction
factor~Reynolds number interaction to the extent observed with the
standard channsl. Nevertheless, the ft—Re relationship as shown
in Fig.4.32 is quite different from that between fr and Re in
Fig.4.23. In this case the results follow a shallow curve over
the range 150 < Re < 750, then the resistance factor ft becomes
virtually constant (ca. 0.255) between Re of 750 and about 1030.
At higher Re, ft becomes depcndent on Re again andl follows =
straight-line relationship.

Although the gap between the data of Fig.4.32 and
that of Fig..,16 pertaining to the standard channel increases with
Re in a similar mannsr to the one between the data of Fig.'s 4.29
and 4.7, the rate of increase in the difference between the ft's
is much slower than that between the fr’s as Re 13 increased, This
suggests an increasingly significant effect of ths entrance and
exit on the total pressure drop of the channel after losing contact
between tha two plates,

The slope of the data in the range Re > 750 as in-
dicated by equution (4.14), i.e. (=0.124), is smzller than thas
relevant to the data of the ribbed ssction over ths samne Re range
as pointed out by equation (4.12), i.e. (~0.194). This confirus
the same trend observed wiih tha standard channel, hovever, the
change in the slope is greater in this cases owing to greater port

contributions to the chanunel total pressure drov.
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Duc to its nature, all the data of Tig.l.32 could

3
also be correlated in a single Ergun type model, namely equation
(4.13). Equation (4.13) is similar to equation (4..9) of tae
standard channel in its viscous contribution term, but the
turbulant contribution term is only 45% of the corresponiing one

in equation (4.9) which is roughly the position of the eguations

pertaining to the ribbed scection.

5.8) ANALYSIS OF GAP 1 CHANNEL PRESSURE DROP

The contribution of the ribbed sectioa to the gap 1
channel total pressure drop decreases rapidly as Re increases as
could be seen in Fig.lL.33. At a Reynolds number oif 300 the per-
centage contribution is roughly similar to that of the standard
channel vribbed section, howzver the loss of contact between the
plates not only has lowered its magnitude but has also reversed its
variation trend with increasing Re, at Re > 300. The decline in the
ribbed section percentage contributlion is aboul twice as much as tae
increase in that contribution when there was contact between the
plates over the same range of 300 < Re < 3000 (cf. Fig.4.1l7).

The port contribution results of Fig.'s L4.34 and
4,35 show on the whole less scatter than those of the standard
channel ports. The data are also more readily classified as
belonging to the entrance or exit whether the port in question is
the upper or lower one, i.e, independsnt of f'low direction. It
should be stressed here that in tne case of tha gap 1 channel a
new gasket, thicker than tae original one, was employed. Tais gives
more weight to the suggestion that ths gasket may be responsible
for the discrepancies noticed between ths results of the uwyper port
and thoss of the lower port in the standard channel,

The ¢ntrance contribution is a little higher than that

of the exit with the differeuce between thenm increasing with increas:

e

. l_‘b



Re because th» eatiance contribution is rising 2t a T

aocter rate

taan that of She cxit 23 could be seen in Fig.'s L34 and h.35.
o

5.9) GAP 2 CHANNEL RIBBED SECTLON,

In this case the gap betwesn the two plates was further

o

increased rendering tie equivalent diameter to be 1.775 times that

of the standzrd channel or 1,412 times that of the gap 1 channel.

Although there is a gap between ths data of aqueous glycerol and

those of water in Fig.4.38, the relationship between fr and Re

appears to follow a shallow curve which becomes a straight line at

higher Re without any noticeable discontinuity. The fully-turbulent

regime probably stuirts at a Reynolds number of about 1,00 where

there is a merked change of slope. Hence the incrcasse in Dz has

shifted the flow regions, in the friction factor-Reynolds numbar

relationship, further to the right in addition to the lowering in

the values of the resistance factor.

The slope of the data in ths fully-turbulent region

(-0.216) indicated by equation (4.16) is clocer to that of the

standard channel ribbed section Re » 300 data than to the slope of

the gap 1 channel ribbed section results in the fully-turbulent

region by a ratio of 1:1.5h. In other words

tiie loss of contact

betwsen the plates reduces the dependence of the friction factor on

Re, howsver this trend is reversed as the equivalent diameter is

furtaer increased by increasing th: gap between ths +tuo plates.

Equation (4.15) describes the fr—Re relationship

reasonzbly accurately over the whole range of

Filg.h.33. Comparing

it with equation (4.7) of the standard chaimel ribbed section it

could be seen that the drop in the turbuloealt contribution to ths

pressure drop is far greater than that in the

since the constant in ths first term is about

one in equution (4.7) whereas the second term

viscous contribution
Thie of 1he corresponiing

is only 18 of the



turbulent contribution in equation (4.7). On the other hand, when
eguation (4.15) is coumpared with equation (4.11) pertaining to the
gap 1 cnam.el rivbed secction it is {ound that whereas the relation-
ship between the resypective viscous contributions is similar to

the aforcmentioned ons with ths standard channel, the turbulent
contribution to the pressure drop is about 465% of thz corresponding
one in equation (4.11). This, again, highlights the effect of the

contact between the plates in the degree of turbulence attained,

5.10) THE GAP 2 CHANNEL

The region between the agueous glycerol and water
results is narrower in the case of the channcl total pressure drop
as could be seen in Fig.h.41 giving mores weight to the assumption
that the friction factor-Reynolds number relationship follows a
continuous shallos curve which becomes a straight line at higher Re.
Equation (4.18) indicates a slope, for the data in the
fully-turbulent region, which is very similar to that of the gap 1
channel results in the turbuleut region as pointed out by equation
(4.14) but significantly smaller than the slope of the standard
channel Re > 400 results (eq. (4.10). This is indicative of con-
siderable port contributions since it has already been pointed out
in section 5.9 that the slope of the ribbed section data in ths
turbulent region is closer to that of tnc standard channel ribbed
section than the slope of the gap 1 fr—Re results in the turbulent
region. Tne substantial port contributions in tae turbulent region
is also manifested by tae magnitude by wnico tne slope off the friction
factor-Reynolds number data diminishss af'ter the inclusion of the |
entrance and exit, cf. eguations (4.16) and (4.18) respoctively. This
decrease in slope iz 1.25 times the corresponaing one in the gap 1
channel bul 2.5 times th2 decrease in slope in the standard channcl,

Becaus» of the swall namber of data points over the



124

range 10 < Re < 90 in Fig.p. 41, it was decided to exclude then {rom
the attempt 1o correlate all th: data in a single Brgun type
cquation, The vesult was equation (4.17) .~hich describes tae

the spzcified vangs, i.2. 2 slightly higher {, 1is przdicted at

t
Re > 4000. When equation (4.17) is compared with eguztion (4.9) of
the standard channel it becomes evident that the viscous contribution
term is about 73%% of the corresponding one in equation (4.9) which

is the relationship between the viscous terms of the two respectivs
ribbed section Ergun type equations, (4.15) and (4.7), as pointed

out in the previous section., The turbulent contribution tern in
equation (4.17) is 36% of the corresponding one in equation (4.9)
whereas the turbulent contribution temn in equation (4..15) pertaining
to the ribbed section was shown to be only 18% of the corresponding
term in equation (4.7) of the standard channsl ribbed section. This
demonstrates the diminishing role of the ribbed section and the major

role played by the two ports in ths turbulent region,

5.11)  AJALYSIS OF GAP 2 CHANNIL PRESSURE DROP

Fig.L .42 shows the percentage contribution of the
ribbed sectiorn to the channsl total pressure drop over the Reynolds
number range 130 < Re < 5000. It is evident that the ribbed section
contribution experiences a major decline over the range covered., The
rate of deéline is almest 4 times as great at the lower end of the
range as it is at higher Re. Over the common Re range,

300 < Re < 3000, the drop in the contributici is 1.27 times that
observed with the gap 1 channel,

The contributicns of the entrance and exit are re-
vedled in Fig.'s 4.43 and L.l respectively., It is clear that the
two ports account flor over L4O% of' the presswe drop at the beginning

of the range rising to become 67/ of the total pressure drop. It
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could also be seen that the percentage contribution of the cnlrance
is equal to that of the exit at the start of the range, however
the entrance contribution riscs ut a Tasler rate thun the exit
when Re increases so that at the high-Re end of the range the
entrance contributes significantly more than the exit. It also
appears that whereas the rate of increase of the exit contribution
is constant, that of the entrance is not and is highcr at low Re.
The degree of scatter in the data of Fig.'s L.L43 and L, L) is
noticeably greater than that observed in the gap 1 port contri-
bution results (Fig.‘s L34 and 4.55). It must be stressed that
different gaskets were used in the two charnnels.

In spite of differences between the contribution
results of the gap 1 and gap 2 charnrels, it is evicdent that their
trends are similer and are very different from those of the standard

channel .,

5.12) THE PARALLEL PATTERN

Fig i 45 indicates that in this 2-dimensional channel
viscous flow exterds ﬁp to a Reynolds number of 100 followed by a
short transition region, turbulent flow apoears to begin at a
Reynclds number of about 250. No attemp’ was made to correlate
the results in the viscous region because of the small number of
data poin%s and the difficulties of measuring smz2ll pressure drops
associated with water.

The slope of the line best describing the data in the
turbulent region, equation (4.19), is virtually the same as that
corresponding to the stundard channel results in the Re > 40C range,
equation (4.10), i.e, the degree of dependence of ft on Re is the
same in the turbulent regions of the two channels., The resistance
factor, or presswre drop, in the parallel pattern channel is only

about onc-half that of' the stundard channel at the same Re in the
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turbulent regime, It should be emphasized that both channels have
tho same equivalent uismeter, but one is 2-dimensional while the
other is 3-dimensional.

The relative positions of the lines representing
equations (4.10) and (4.19), in addition to those corresponding to
equations (L.14) and (4.18) of the gap 1 and gap 2 channels re-

spectively could be seen in Fig.5.2,

5.13) COMPARISON WITH THE WRK OF EDWARDS et a1.(2©)

In this section the hydrodynamic behaviour of the
standard channel and its ribbed section represented by equations
(4.9)/(4.10) and (4.7)/(1..8) respectively will be compared with
equation (2.12) developed by Edwards et al,(29) whese work was
reviewed in Chapgter 2 pp.26-27.

Since discrepancies exist in the definitions/vaiues
of such parameters as the channel length, equivalent diameter,
and area of flow, between thiz work and that of Edwards et al.,
equations (4.7)-(4.10) had to be trazsformed thereby bringing them
in line with equation (2.12). Details of these tranzformations are
given in Appendix A-5.0. The transformed equations (4.7)=(4.10) are

respectively as follows:

£, = égﬁgég + 0.298 (5.8)
£, = 1.663 R&™O*23° (5.9)
£o= 222 L ouuy (5.10)
£, = 1.652 Reg"0°108 © (5.11)

It should be stressed that this comparison applies to
the common range of 3 < Re < 10°. 1In equation (5.10) the viscous
contribution to the pressure drop, represented by the first right-

hand side temm, is similar to the correspond.ing one in equation (2.12)



127

m |
. I
i H i
i H i
T N
' i H
P :
i i
} : |
t | '
-~ e -
i 1
t i
H H
N i )
. : i
i !
. i
' !
c
'
!
. i
‘ .
' :
i
i
- —— -
‘
i
' . '

oY

Uis}4og 40d ?v
©rozdoo (g
©¢ (doo (7

uoyd pis (L)

e e g

\
H
.

o

i
{ H
! H
I :
i B
i .
| i
i i
i P
1 H
. i :
U, ——— g
H ]
i |
H |
H
i
1
'
! .
% .
v e e e e e ——i
— S e —— G
|
: - S
| |
' !
i i
T . = P e i bt - 14
............ i ;
SN - ST — oz
. ' .
. 1 i
. | i
— - - ———————ee
- | ;
i 4 {
i




128

although sli ntly higher, however the twbulent contribution is only
56% of the onc in the Rdwerds equation,

Fig.5.2 contains the graphical forms of equation
(2.12) and equations (5.8)=(5.11). There is evideice of reasonable
agreement between curves a and b up to Re of 20. However, the
difference between the two curves becomes more thaen 10% of the
friction factor as predicted by equation (2.12) at a Reynolds
number of 25 and continues to increazse with Re. At a Reynolds
number of 1000 the standard channel resistance coefficien® is only
51% of that predicted by the Edwards equation,

It must be borne in mind that curve a in Fig.5.3 is
relevant to a pack of APV Junior metal plates., The pressure drop
of' a plate pack constitutes the following:

1 - Pressure loss in inlet and exit manifolds.

2 -~ Entrance pressure drop.

5 ~ Ribbed section pressure drop.

4 ~ BExit pressure drop.

5 - Cross~over pressure drop (when more than one

pass is involved).

The contribution of each of the above-mentioncd factors depends on
the plate arrangement used awxd the nature of flow. In the single
plastic channel of the present work factors (1) and (5) are
irrelevant , factors (2) and (4) require soms elaboration. The
single plastic channel represents an "end charnel" in a pack where
the eff'ect of the entrance and exit are more pfonounced in comparison
with the other channels within a pass. In the former the fluid ex~
periences the 90° sharp turn whereas in thne latter only part of the
fluid in the inlet manifcld enters the channel depending on its
pressure, the entrance and exit could therefore be thought of as
T-junctions instead ol' 90° sharp elbows.

Anothz dmportant point is the fact that the Reynolds
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number 1is based on the flow in one chauncl, therefore at a given
Re the flow rate in each chamnel of a single pass pack should be
equal tq that in the single plastic channel., It follows that the
menifolds of the pacx must hondle a flov rate that is considerably
higher depenaing on the number of chanrnels used. Since the pressure
drop used in the pack resistance coefficient f is measured across
the whole exchanger it includes the energy loss in the two very
rough manifolds. The pressure loss in the manifolds must depend
on the fcllowing:

1 — Size of the ports, i.e., diameter of the menifolds.

2 - Number of plates used, i.e. length of the manifolds.

5 -~ Flow rate and properties of fluid.

Edwards et al.(29) ysed a single pass of 12 channels
and 2 passes of 12 channels perApass and found that the data for
the two cases fell together concluding that manifold losses were
negligible, The fact that their data for the single pass and
two-pass plate arrangements fell together indicates only that the
effect of the cross-over pressure drop from one pass to the other
is insignificant in comparison with the other 4 causes of pressure
loss.
The reasonable agreemsnt between curves a and b in

Fig.5.3 in the viscous and quasi-viscous flow regimes suggests that
the pressure loss in the inlet and exit manifolds and the various
entrances and exits in the pack is equivalent to the pressure drop
in the entrance and exit of' the plestic model. The increasing gag
between curves a and b on the other hand demonstrates the significance |
of' the pressire loss in the two manifolds in the gquasi-turbulent
and turbulent regions. Comparis&n between curves a and c¢ renders
untenable the assumption of Edwards et al., that their results
represent the flow between corrugated plates. Furthermore, the

substantially lower dependence cf the friction factor f on Re in the




151
quasi~turbulent and turbulent regions of curve a in comparison with
the respective regions oi curves b or ¢ mzy lead to the wrong
assumption of higher pressure drop/heatl trunsfer coefficient in the
channels than ectually is the case.

It was pointed out in Chapter 2 that Ellison(2%) re-
ported variations in the f vs. Re relationship when the nuwber of
plates in the single pass U-arrangement pack was changed. The
difference diminishes gradually as the Reynolds number is decreased.

One way of assessing heat transfer surfaces/heat
exchangers is by plotting the film heat transfer coefficient
against the energy absorbed per unit heat transfer area. Cattell(®®)
compared plots of the above-mentioned variables pertaining to basic
heat transfer surfaces and overall plate performance noting the
‘effect of parasitic losses and unproductive pressure drop in
lowering the performance of the overall plate case. He then points
out that care must be taken so that the reduction in performance

is not exaggerated by excessive pressure losses or mal-distribution.
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CONCLUSIONS

Hydrodynamic cheracteristics of %-dimensional PHE
channels can be studied using polymethylmethacrylate replicas,
of the metal plates, produced by expertly casting perspex from
a liquid form &t low temperature, This spproach sclves the
problems of air pockets and/or contact between the plates
inherent in tests on packs of metal plates in additicn to
facilitating flow visualisation and/or pressure drop measuvre-
ments of parts of a single channel without sacrificing the
exact geometrical characteristics of the metal plates.

The reliable measurement of small liquid differential
pressuresis a forwidable task. Straightforward application
of the well type inclined-tube manometer should be avoided.

It could however be applied in conjunction with Benedini's
technigue which could also be used to adapt any reliable

gas micromenometer for liquid pressure drop measurements
(Appendix 4-2.,1). U-tube mancmeters eniploying coloured CCéy4
develcp serious errors at the lower ends of their ranges,
therefore readings should not be considered below a certain
value (Appendix A-2.2), Readings of well type manometers
using coloured CeHsBr/CC&s should be taken with the flow medium
replacing the manometer fluid in the limb; readings obtained
with the manometer fluid replacing the flow medium should only
be considered when in agreement with the corresponding ones
obtained in the above-mentioned opposite manner (Avpendix A-2.3).

Hydrodynemically there is no difference between UP-flow
and DOWN-flow in 3-dimensionsl PHE channels. Therefore the
results of Ellisoh®®) in the viscous region must have been
erronceus probably due to thc presence of air pockets in

channels with DOWN-flow.
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The results of Fig.l.7 represent the basic flow behaviour
between corrugated plateus of the 3-dimensicnal chevron type. In
this geomelry, viscous flow exists up to a Reynolds number of
about 12 followed by a very gradual and predictable transition
region over the range 12 < Re < 300. The cegree of turbulence
is very limited in the range 12 < Re < 1C0 and the flow is
quasi~viscous. Over the remainder of the transit on region
the level of turbulence increases substantially ard the flow
is guasi-turbulent. There are no secondary viscosity effects.
The termination of the transition region and the setting-in
of fully-turbulent flcow is markcd by a characteristic kink at
Re of 300.

The friction factor-Reynolds number relationship per—
taining to flow betweer corrugated plates of the herringbone
pattern over the range investigated cannot be described
satisfactorily by a single Ergun type equation as suggested
by Edwards et 21.$29) | A pinimum of two wodels are required,

equations (L4.7) and (4.8), the first of which is an BErgun type

relationship covering both the viscous and the transition regions.

The entrance and exit have a significant and variable
effect on the standard channel total pressure drop. Between
them, the two port regions contribute from a minimum of about
18.5% to a maximum of about 30% of the channel total pressure
drop over the range investigated. The cuasi-turbulent part of
the transition region is the zone where the ports effect is most
pronounced, influencing not only the magnitude of the friction
factor but also the nature of its interaction with Re thereby
resulting in a different discontinuity at a Reynolds number of
400, Fig.4.16. The inclusion oi the two pert regions reduce the

slope of the friction factor-Reynclds nuaber curve, pertaining
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7)

8)

contd.

to the ribbed section, by a magnitude commensurate with their
contributicn, e.g. in the turbulent region thc standard channel
f-Re curve slope is diminiched by 15%, cf. equations (4.8) and
(4.]0);‘ for the gap 1 chanrnel the slope reduction is 36%, cf.
equations (4.12) and (L.14); the gap 2 channcl experiences a
slope change of the order of 41%, cf. equations (4.16) and
(4.18). The smaller sloge would infer higher levels of
turbulence and heat transfer coefficients than actually is the
case in tne ribbed or heat transfer section.

The contribution of the ribbed section is at its highest
in the viscous region, accounting for sbout 8L.5% of the
standard channel total pressure drop. In the transition
region, the relative effect of the ribbed section undergoes a
major decline to a recorded minimum of less than 70%. This
trend reverses itself at a Reynoldg number of 30C wirich corresponds
to the point at which the kink occﬁrs in the fr—Re plot,

Fig.h.7. At Re > 10CO the average ribbed section contribution
becomes about 78.5%, Fig.4.l7. The range 10C < Re < 400, in
winich the ribbed section contribution is at its lowest, is not
conducive to the productive utilisation cf the available pressure
drop in comparison with other flow regions.

The physical contact between the plates is a cardinal
factor in the hydrodynamic characteristics of the standard
channel. This is not only so in the context of the values of the
friction factor — pressure drop — attained, but also wiih res?ect
to the disceontinuities in the fr-Re and ft—Re relationships, the
extent of flow regions, and the contributions of the ribbed
section and the two port regions, ¥Fig.6.l presents a

quantitative account of the fall-cif in performance if the

plates are not tightened correctly, i.e. wiih no contact between
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plates. The equivalent diameter correspondirg to plot a is

80% of that relevanttocurve b or 56% of the equivalcnt

diameter pretaining to curve c.

The de

cline in the Lkydro-

dynamic performence due to the loss of contact is a minimum

in the viscous region (curve b would merge with curve a at

Re < 20, cf. first term on right-hand side of equation (4.7)

accounting for the viscous contribution to the pressure drop

with its courterpart in equation (4.11)) however it increases '

with Re becoming substantial in the turbulent region. Ccntact

between the chevron corrugated plates results in unique ribbed

section, entrance, or exit contribution/Reyrolds number

relationships (Fig.'s 4.07-4.21);

contact lcads

to different

tronas

severance of the physical

wiidch

cre sustained with
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8) contd.
further increasc in the gap betwecn the plates (Fig.'s 4.33-4.35
and Fig.'s L. 42-L 000,
9) Flow visualisation with colowred dyes can be notoriouszly

mislesding and must not be employed without pricr knowlcdge
of the hydrciynamic characteristics, i.e. they should be used
to uphold or explain known behaviour rather than to establish
flow characteristics. The gradual and extensive transition
region is the result of two modes of flow occurring simultarneocusly
in the channel, viscous flcw initially followed by turbulence
further dowrstream with the extent cof each mode depending on the
Reynolds number (Fig.'s 4.23 and 4.24). At a Reynolds number
of 10, more than one-nhalf the channel length is required for
the flow to be fully-developed due to thez disturbance at the
entrance region (Fig.4.25). In the transition region the dis-
turbance caused by the euntrance and the position of the two
ports on the same side of the chanrel renders the whole channel
length within the entry length required for the flow to be fully-
developed (Fig.i.?26).

10) 2-dimensional channels made from chevron corrugated
plates (by rotating one of them by 180°) and having the same

equivalent diameter as the 3-dimensional channels would generate

N+
©
0w
8
-
O
=
s
0

a pressure drop which is sbout thet generated by
the 3-dirensional channel et the same Reynolds number in the
turbulcnt region (Fig.5.2).

11) The data of Edwards et al.‘29) ) pertaininz to a pack
of metal plates, do not represent flow between corrugated
plates only, rather they are the result of pressure losses in
the manifolds, entrance, ribbed section, and exit. The effect

of extranecus pressure losses increases with Re becoming

dominant in the turbulent region cven with relatively small
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contd.

number of channcls per pass, €.g. with only 12 channels (13
plates) the pressure loss utilised productively to enhance

heat transfer in the ribbed section is only /1% oi that con-
sumed. by the pack at Re of 1000, cf. curves a and ¢ in Fig,5.3.
The magnitude of parasitic pressure losses can alsc be appre-
ciated by comparing the slope c¢f the f-Re turbulent region
relationship belonging to the rack with the (—0.23) value pesr—
taining to the ribbed section, i.e, the greater is the drog in
the slope the bigger is the effect of extrancous losses, e.g.
fhere is 70% reduction in slope between curves ¢ and & over the
Re > 400 range in Fig.5.3. Since tre APV Junior PHE is designed
to accommodate up tc 152 plates, extrinsic pressure losses will
be unduly high if' the machine is to be operated in the quasi-
turbulent transition or turbulent régions. The obvious soluticn
to such a problem is to enlarge the ports, however the argument
against this has been that by doing so the plates will become
wider, and shorter if thc plate area is to remain constant,
Because of distribution problems across the plate width available
for flow, the practice has been to set the minimum possitle plate
width to keep the two ports sufficiently far apart to allow all
standard flanges to pe connected witkout interfercnce. Further-
more, the 6 value of a plate depends con the cenfiguration into
which it is pressed and on the plate lensth. It therefore eprears
that the only way to maintain the plate width and length at
desirable values and enlarge the ports is to abandon the‘
rectangular shape of the plate in the port regons, i.e, to
increase the overall plate width beyond the ribbed section to

accemmodate larger ports. This will not only rectity the problem
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contd.

of extraneous pressure losses but will also contribute to the
solution of the problsm of fluid distribution amonsgst those
channels in a pass with the likelihood of "dead" arcas caused
by fluid starvation. However, there may be economic arguments
against a non-rectangular overall plate shape when very
expensive metals are involved. It remains to be seen whether
the operational advantages gained can offset the economic

disadvantages,
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7.0) RECOMMIDATIONS FOR FUTURE WORK

1l -

The feasibility of employing a laser Doppler velocimeter to

measure point velocities in the persoex chennel should be
investigated. If successful, this methcd could supersede

flow visualisation, through the use of technical dyes, as a
reliable and accurate way to establish velocity profiles and

to study flow distribution especially in the quéasi-turbulent
transition and turbtulent regions where dye flow visualisation

is not possible because of immediate dispersion.

The effect of heat flux on hydrodynamic characteristics should

be studied using a modified system to form a two channel pack.

A perepex plate could be used on the cold fluid side to allow
visual observation and the fitting of multiple pressure tappings.
The hot side could be a channel containing hot liquid, con-
densing vapour, or a specially fabricated, electrically heated

plate to provide a constant heat flux. The effect of changes

in physical progerties should be examined with a view to def'ining
a caloric temperature at which the properties could be evaluszted
so that the established isothermal f-Re relationships could be
directly applied.

The effects of the chevron angle and depth of corrugations on

the hydrodynamic characteristics should be examined especially

in the transition and viscous regions.

The depth of the cross-corrugated form is small, in most resgects
an advantage., However, this meens that flow velocities in the
entrance region of the plate form can be excessive causing high

unproductive pressure losses and mal-distribution of f'low, thereby
reducing the effectiveness or the plate form. Hence, the effect
f depth of corrugations, geometry of the entrance region, and

the plate width available for flow on {low aistribution/



4. - contd,

unproductive pressure losses should be investigated.
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Appendix A-1.0
Trarsforwation of th: friction factor and Reynolis nunber
relevant to toe resilve ol omersons -/
n - - IS lal 2
¢ Develoved Heat Transfer Area 0.12 m 1.09
= ST : = : . = ey = 22
FProjecteu icut Trancier Area 0.0983% m :

applying equatior (2.10) for the equivalenrt diameter:

i

2Q)
2 x 0.29 cm - 0.482 cm.

2b
De = -2 1.22 =

Projected Heat Transfer Area
Plate Width Availzable for Flow

11

Project Plate Length

8 2
%I%BE%E = 45,7 cm,

Developed Plate Length = (45.7)(¢) = 55.78 cm.

Let the subscripts (n) and (o) denote new and old respectively.

2b J s
Reo = p U 3 Deo = 2b according to Emerscn.

The linear velocity u is based on equation (2.11) and no trans-

formation is required.

Re_ - (£M2/0)(w)

(p)(2b/1.22) (u)
H u

e Re = 0.82 Re,

Plate lerngth L used by Emerson is 60.5 cm which is the projected

distance between the centres of the inlet and outlet ports.

_ 55.78 _
bn = 60.5 Ly = 0.922 L,
f = &p) (2b . o~ _ (aP)(2p/1.22)

o TEM WL, * Ta T 2(p)(w)(0.522 L)

- o . 0.82 (4P)(2b)
"t tn T o0.922 2(p)(vt) (L)

o f, = 0.889 f_
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A-2.,0 Behsaviour ci Mancmeters

In this scction, unexvscted aspects of mancmoter be-

3

haviour as observed during experimentations will be discussed.

<

A-2.1 The Well Type Inclined-Tube Manoncter

This type cf manometer has been widely used tc messure
small differentiel pressures of gases in general and air in parti-
culer, hence it is sometimes referred to as an air type manometer.
The liquids usually employed are alcohol, kerosene (paraffin oil),
or other petroleum fractions with spscific gravity range of
0.7-0.9.

Theoretically there is no reason why this instrument
should not be used to measure liquid differential pressures pro-
vided a suitable mancmeter fluid is employed. Standard textbooks
or even specialized ones on instrumentation certainly do not advise
against it, see for instance Eckman(29) |

In the present work an attempt was made to measure small
water pressure drops pertaining to the entrance/exit regions using
a well type inclined-tube manometer which employed CC&; or CgHsBr.
The angle of inclination of the limb was 6° with a sine of 0.1,

This attempt proved to be a complete failure owing to the following:

(1) The marometer fluid indicated different zero readings at
different times.

(ii) Although the water flow rate in the channel remained constant
the marometer reading varied with time to the extert that it
eventually indicated an entrance pressure drop which: was higher
than the channel total pressure drop.

(iid The meniscus sharpness and parabolic profile did not persist
muking exact determination of the mancmzter reading difficult.

The failure of the inclined-tube manometer to measure

accurately liguid diffcrential pressures has been recently reported
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by Prestont®®) who attributed it to zero creep caused by change of
temperature and surface tensions effects. Furthermore, in a more
recent papcr, Welhs and Sumcr{®8) call attentiou to tle long measure-
ment rise-time of the inclined-tube manometer. They pointed out that
in actual experiments mcvement of the meriscus was still noticeable
after 5 minutes ascribing it to the slos response time of the system
and to thermal exparsion effects.

In his paper Presten!®®) describes a system based upon
Benedini's technique(g)of using an air manometer in conjunction
with a reservoir to measure small liquid pressures accurately. The
Preston arrangement consists basically of a standard air type mano-
meter connected to two reservolrs preoviding large water—air inter-
faces, the air trapped between them and the manometer transfers the
liquid pressure to the manometer. Surface tension effects and zero
creep (temperature chenges) effects are thereby greatly reduced. In
the Weihs and Sumer(®®) arrangement the well type inclined-tube
manometer of the Preston arrangement is replaced by a simple U-tube
manometer, This system was claimed to result in faster response
time, without loss in éoouraoy, in addition to being simpler in
construction,

In the present work Benedini's technicus was used in
conjunction with a scphisticated micromanometer as described in
Chapter 3, however the Preston and Welhs systems offer accurate and
cheap alternatives and are strongly recommended for small iiquid

differential pressures.

A-2.2 U~Tube Manrometer Employing CCe,4

Carbon tetrachloride is widely used in U-tube manometers
to measure water differentiel pressures too sw2ll tc be indicated
by mercury. This was done in the present woilk, however it was

observed that scrious errors arose at the lower end of the manometer
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range probably duc to surface tensicn elffccts.

The manomecter was a new 50 cm standard one with an ID
of 4 mn and the CC€y was chemically pure. As menlioved in Chapter 3
a small amount of dye was used to colour the CC€;. It must be
pointed out that prior to its use the manometer was cleaned with
distilled water but no zgents were used to effect the surface

energy. Table A-2I revezls the nature and magnitude cof the errors:

Manometer " o % Error
ing £ " H_p FE
Reading,cm Re Ty ft f‘t ft % 100
CCey Lt __t
f %%
t
g 3l 115.9 | 0.908 | 0.842 + 7.8%
. ,5 2.5 79.3 | 1.425 1.018 + 40 %
ha %' 1.8 48.8 | 2.710 | 1.365 + 98 %
fxy
3.2 97.6 | 1.205 0.913 + 32 %
g“ . 3.05 73.2 | 2.041 1.064 + 92 %
ZI: 2.3 12,7 | 4523 | 1.495 +202 %
= &
E 1.7 2. 110.239 2.270 + 351 %
o o
w A

* Friction factor based on manometer reading

Hok " " calculated from equation (4.9)

TABLE A-2-T

The experiments from which the U-tube manometer CC&; reacings were
takern were conducted starting with the maximum flos rate., The mag-
nitude of erroy increases as the manometler reading becomes smaller
reaching colossal proportions at the ¢nd of the range., It is also
evident that the manometer hehaviour is not consistent in this range,
i.e. the manometer reading at the samc flow rate is different in
different runs,

The conclusion to be arawn from the foregoing is that

the minimum reliable reaaing of' a 4 mm ID U-tube manomster employing
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CC€y is L4 cm,

A-2,% Well Type Manometer Emnloying CyHeBr

The well manometer examined had a limb with an ID
of 4 mm and again only distilled water was used to clean it prior to
its use. The bromobenzene used was chemically pure to which a
little amount of suitable dye was added as pointed out in
Chapter 3.

The behaviour of this type of manomcter would be
best discussed in conjunction with Fig.4-2.1. In this experiment
the medium flowing in the channel was distilled water and the
direction of flow waskupward. The staﬁdard channel ribbed section
pressure drop was measured by a micromanometer of the kind, and in
the way, described in Chapter 3 and a well type manomster containing
coloured CgHsBr. Initially the flow was set at such a rate so that
the well marnometer 1imb was filled with bromobenzene, then the flow
rate was gradually decreased so that the flow medium, water, replaced
the manometer fluid in the limb, Pressure drop measurements were
taken friom both instruments. The second run was conducted starting
from zero flow, i.e. with the C¢HsBr replacing the water in the limb.

As could be seen in Fig.A-2.1 (a) the micromanometer
behaviour was reasonably ccrsistent over the two runs, however the’
well manometer indicated a lower pressure drop in the second run
than it did in the first run up to a certain point beyond which the
instrument became consistent, Fig.A-2.1 (b). Since there is reason-
able agreement between the well manometer readings when the water
replaced the bromobenzene (first run) and those of the micromanometer
(average deviation based on the well manometer was + 2.5% over the
entire range) it was decided that the lower presswre drop readings
of the well manomzter wier: the CgllgBr replaced the water in the limb

(second run) were erroncous probably duc to surface tension effects.
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(a) Micromanometer (b) Well Manometer

Fig. A-2.1

The minimum lergth of the bromobenzene column recorded was 1.60 cm

in the first run, becoming only 1l.l5 cm in the second run at the

same flow rate resulting in -28% error. This error diminishes

gradually as the manometer reading increases becoming less than

-10% at 4 cm of CgHgBr and at 7 cm CgHsBr could be considered

virtually non-existent. A similar behaviour of the well type

manometer was also observed when the manometer fluid was CC4,.

As a result of these findings it was decided to

take as a standard, well manometer readings with the flow rate

decreasing, i.e. with the flow medium replacing the manometer fluid

in the limb than vice versa. Pressure arop mcasurements in the case

of increasing flow rate, i.e. mancmeter fluid replacing flow medium,

were taken into account cnly when in agreemsrtv with the ones obtained ’

in the opposite manner, otherwise they were rejcted for being

erroneously low.



147

Appendix A-3.,0

Determinztion of Chranrel Volune

A-3,1 Standsrd Choannel

Volume of Hg introduced = 25 cm®,
Apparent change in Hg level = 20,09 cm.

(20.09) ()
= (20.09)(1.18) = 23%.706 cm.

Developed change in Hg level

Plate Developed Length = 47.2 cn,

'+ Channel Volume (Correspcniing to Heat Transfer Area):

(25 cm®) (47.2 cm)
23,706 cm

= 49.776 cm®.

A-%.,2 Gap 1 Channel

Total Volume (Corresponding to Wetted Arca and measured

by water) = 67.6 cm$

Channel Volume (Corresponding to Heat Transfer Area) =

(67.6) /8td .Chan.Volume Corressonding to Heat Transfer Area
* Std.Chan,Total Volume Corresponuiiung to Wetted Area

= (67.6) <§3:776> = 62,58 cn®.

A~3.3% Gap 2 Channel

Total Volume (Corresponding to Wetted Area and measured

by water) = 95.5 cn®

Channel Volume (Corresponding to Heat Transfer Area) =

(95.5) %%L%%é> = 88.392 cm?
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Iranzforretion of friction factor and Reynolds numbcr to being

equations (H.7T;(M.IO> of" Lo ctandard on

LTS

I
P TRt o e
L 1 PO A

pet

L=0)
i

section in linc with cauation (2.12) of Suwards et al

Let the subscript B denote relevance to the work ot Edwards
et al.

De _ 0.386 cm

De T 0.345 cm 1.1z

F A -
(Flow rea)B = 10.759 x 10°° n®

= 1,020
Flow Area 10.546 x 10" %m 2
. Velocity -~ 1.020

°t (Velocity)B
Re = (1.125)(1.02) Rey

.» Re = 1,148 ReB

or ReB = 0.871 Re

_ L7.2 cm
- 45 cm

De)_ . (1.125)(45)  (aP)(Dep)
2(p) (u*)(L) (1.02)%(47.2) () (Tg)

f = 1.031 fB

or f, = 0.970 f



Appendix A~6 .0 Tabulated Results

Staninrd Chunnel

Fluid: ¥Watexr
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UP-Flow

u, m/s Re P, N/m? £y
0.67008 2586.5 40670 0.370
0.61477 2375.0 34610 0.374
0.56736 2190.0 29420 0.374
0.50C98 1933.8 23730 0.387

 0.43%618 1683.7 18050 0.388
0.29237 1128.5 8652 0.414
0.24970 963.8 6675 0.438
0.21177 817.4 L94L 0.451
0.17700 683,2 3461 0.452
0.13749 530.7 2225 0.481
0.10589 408.7 1483 0.541
0.08692 335.5 1101 0.596
0.06638 25642 641.6 0.595
0.03793 146.4 259.0 0.736
0.05721 340.6 1534 0,664
0.09279 325.1 1391 0.661
0.08790 308.7 1271 0.673
0.08226 289.14. 1131 0.684
0.07712 271.5 993.0 0.68L4
0.07213 254.0 880.0 0.692
0.06740 238.0 769 .4 0.693
0.06266 221.,2 668.6 0.697
0.05727 202.8 567.8 0.709
0.05210 18/4.8 472.0 0.712
0.0,615 164.1 386.0 0.742



0.04036 143.8 299.9 0.754
0.02461 124.1 236.0 0.807
0.02871 103.1 177.0 0.879
0.02178 78.5 120.5 1.040
DOWN~F1 ow
u, m/s Re P, N/m? £,
0.67482 2604..8 43150 0.387
0.63373 2406 .2 38190 0.389
058474 2257.1 32760 0.392
0.52469 2025.3 27320 0.406
0.46305 17874 21380 0.408
0.42828 1653.2 18910 0.422
0.40532 1580.0 16930 0.413
0.38403 14824 15080 0.418
0.34926 1348.2 12860 0.431
0.31291 1207.9 10630 0.4y
0.28447 1098.0 8900 | 0.450
0.26076 1006.5 7416 0.446
0.23706 915.0 6428 0.468
0.21177 81744 5315 0.485
0.18965 732.0 4203 0.478
0.16752 6L46.6 3461 0.504
0.1,698 567.3 2472 0.468
0.11379 L39.2 1766 0.558
0.10272 396.5 1495 0.579
0.05008 37,7 1195 0.602
0.08218 317.2 918.2 0.556
0.06954 268.4 753 o 0.637
0.06005 231.8 582.7 0.661

157
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0.05057 195.2 435.6 0.696
0.04267 164.7 317.8 0.714
0.03793 1460 223.7 0.6%6
0.09718 324..0 1484 0.643
0.09722 3.1 1490 0.645
0.09277 305.6 134 0.639
0.09280 328.4 1386 0.659
0.08787 293.7 1233 0.65l
0.08790 310.7 1241 0.658
0.06224 276.3 1087 0.656
0.08226 290.4 1106 0.669
0.07709 259.7 967.9 0.666
0.07712 271.5 968.5 0.667
0.07212 24,2 852.5 0.671
0.07213 253.7 852,9 0.671
0.06738 228.9 75L.3 0.680
0.06740 236.7 747.2 0.673
0.06265 214.7 651.1 0.679
0.06266 219.8 639.1 0.666
0.05726 197.0 543.1 0.678
0.05727 200.6 543.2 0.678
0.05210 179.9 457.1 0.689
0.05210 182.1 4h7.3 0.675
0.0461L 160.0 375.5 0.718
0.04615 161.3 363.7 0.699
0.04026 140.53 29449 0.741
0.0.:036 140.7 285.1 0.716
0.03461 120.9 23549 0.806
0.02871 101.1 177.0 0.879
0.02177 76.9 118.0 1.019

-

8
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u, m/s Re AP, N/m? AP, N/w? £, £,
0.05736 5,052 14,7 1065 0.626  0.461
0.09648 397.0 1387 1020 0.611  0.449
0.09372 385.6 1311 966.1 0.612  0.451
0.09293 386.8 1309 9614 0.621  0.456
0.09083 378.1 1257 926.8 0.625  0.460
0.08889 370.0 1200 882.5 0.623 0.458
0.08801 362.1 1148 845.3 0.608 0447
0.08575 35649 113 833.2 0.632  0.465
0.08237 342.9 1043 764..2 0.630  0.462
0.080%3  33h.k 1001 7346 0.636  0.467
0.07722 322.2 929 .4 6754 0.639 0.46L.
0.07520 313.7 89L..8 650.8 0.64L9  0.472
0.07320 305.4 838.1 616.3 0.641  0.471
0.07223 296.5 766.L 571.7 0.602  0.449
0.07025 293.1 776.5 567.0 0.645  0.471
0.06835 285.2 729.7 530.0 0.6L0  0.465
0.06749 277.0 677.7 495.3 0.610 Calli6
0.06441 268.7 65303 473.3 0.646 0.468
0.06274 257.0 571.7 4110 0.595  0.431
0.06042 252.6 571.9 41k, 2 0.642  0.465
0.05837 24,1 5374 387.0 C.64L7 0.466
0.05724 25449 480.5 34765 0.599 0.433
0.05628 235.9 500.5 35745 0.648  0.463
0.05522 226.2 1458.3 332.7 0.616  0.447
0.05216 213.2 4140 295.7 0.62  0.445
0.05086 213%.2 419.1 295.8 0.66L 0.469
0.04848 203.7 384.6 268.7 0.671  0.469
0.04620 188.8 3277 23,1 0.629 0.449
0.04507 189.3 339.3 236.7 0.685  0.478



u, m/s Re AP, N/uw? P, N/m? £, £,
0.04268 1740 293.2 211.9 0.660 0.477
0.04042 16944 28%.5 20L..6 0.711 0.513
0.03908 164.9 24,9.0 180.0 0.669 0.483%
0.0379L 160.1 241.6 175.1 0.688 0.4.99
0.03680 155.3 217.0 162.7 0.657 0.493
0.03565 1494 226.8 162.7 0.732 0.525
0.03467 146.6 199.7 150.4 0.681 0.513
0.03337 141.2 189.9 143.0 0.699 0.526
0.02223 136.3 177.5 133.2 0.701 0.525
0.03109 130.3 182,14 133.1 0.77%  0.565
0.02986 126.3 152.9 115.9 0.703 0.533
0.02875 121.6 148.0 111.0 0.73%  0.550
0.02748 116.2 25.6 103.6 0.736 0.562
0.02615 110.6 130.7 101.1 0.784  0.606
0.02472 104.6 120.8 93.7 0.811  0.629
0.02329 98.3 111.0 86.3 0.838 0.652
0.02181 92.3 98.6 78.9 0.850 0.680
0.08237 340.5 1043 769.0 0.630 0.465
0.08465 350.7 1082 803.5 0.619 0.460
0.0868. 359.8 1136 843.0 0.618  0.458
0.08801 363.8 1188 877 L 0.629 0.46L
0.09083 5754 1262 934 .1 0.627 0.L64
0.09292 385.9 1309 971.2 0.621 0.461
0.09372 38646 1353 1001 0.631 0.467
0.09468 %92.3 1353 1006 0.619 0.460
0.09735 401.5 1466 108) 0.63k  0.469



16/

u, n/s Re VS N/in? £,
0.09293 386.8 951.3 0.452
0.09083 378.1 912.1 0.453
0.0E889 370.0 882.7 0.458
0.08801 362.1 838.6 0. Ll
0.08575 356.9 823.8 0.459
0.08237 342.9 765.0 0.462
0.08033% 33k 4 725.8 0.461
0.07722 322,2 676.7 0.465
0.07520 313.7 6L47.3 0.469
0.07320 305.4 622.8 0.476
0.07223 296.5 576.7 0.455
0.07025 293.1 568.8 0.472
0.06835 285.2 529.6 0.465
0.06749 277.0 495.3 0.446
0,061 268.7 470.8 0.465
0.06274 257.0 4 26,6 0. 44t
0.060L.2 252.6 411.9 0.463
0.05837 2.1 382.5 0.460
0.05734 234.9 348,2 0434
0.05628 23549 353.1 0.457
0.05522 226,2 328.6 0.42.2
0.05216 213.2 1289.3 0.436
0.05086 21%,2 29,2 0.466
0.04849 203.7 269.7 0.470
0.04620 188.8 235 ., 0.452
0.04507 189.3 235.4 0.475
0.04268 1740 £06.0 0.46L
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u, m/s Re g 0 N/m® i
0.02030 85.9 88.3 0.878
0.01873 79.2 77.8 0.909
0.01711 72,2 66.7 0.93
0.01540 65.0 56.2 0.971
0.01263 53.2 L6 1.193
0.00920 38.8 36.0 1,742
0.00737 31.0 25.5 1.926
0.00558 23.5 17.6 2,324

© 0.0045L 19.1 14.8 2.940
0.00375 15.8 10.8 3.152
0.00217 9.11 6.08 5.306
0.00104 o3l 2.35 8.986
0.00069 2.91 1.68 14.191
0.0C0€E9 2.8l 1.96 16.700
0.00069 2.8 2.30 19.622
0.00104 L2 2.75 10.487
0.00104 holy2 3.87 124,787
0.00217 8.86 6.13 5.350
0.0C217 9.17 7.36 6.417
0.00374 15.3 12.0 3,497
0.00375 16.0 12.8 3.725
0.00454 18.6 15.0 2,980
0.00455 19.4 15.7 3.115
0.0C558 22.8 19.9 2.622
0.00558 23.8 19.9 2.620
0.00737 30.1 27.0 2.037
0.00737 31 27.8 2.096
0.00920 39.1 38.0 1.842
0.01262 51.5 48.1 1.236



— B

u, m/s Re &Py, N/m” £
0.01263 53.2 53.0 362
0.01262 51.9 53.9 1.388
0.015L0 €2.5 59.8 1.034
0.01540 6lo s 62.3 1.076
0.01711 71.2 72.6 1.016
0.01873 78.1 8.6 0.989
0.01872 76.5 8.8 0.992

| 0.02030 8l 7 9.6 0.942

0.01263 53.2 51.0 1.312
0.00375 15.7 13.2 3.869
0.00217 9.05 7.85 6.8L6
0.0010L Lo 3l 4.61 17.598
0.001C4 L3l .22 16,100
0.0010L. Jo 3l 3,04 11.507
0.00375 15.7 11.6 3.381
0.00217 9.09 749 6.952
0.00104. Loy 3l 3.92 14.977
0.00069 2.91 2.75 23,374
0.01711 7.2 73.1 1.023

u , m/s Re &P, N/n® £,
0.04145 174.1 206.0 0.491
0.04269 17943 215.8 0.485
0.04383 1841 222.,6 0.475
0.04507 189.3 2354 0.475
0.04620 189.2 250.1 0.480
0.04 74 198.8 255.0 0.465
0.0L849 203.2 269.7 0.470
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u, m/s

[

x r
0.0L958& 208.7 27,6 0.456
0.05086 213.7 289.3 0.458
0.05217 214.6 313.8 0.473
0.05310 223.6 313.8 0.456
0.05418 222.9 333.5 0.466
0.05524 232.6 3L3.3 0.461
0.05529 237.5 352.1 0.457
0.05736 242,1 372.7 0.464
0.05838 246 Ay 387.4 0.466
0.05942 250.8 402.1 0.L467
0.06042 255.0 411.9 0.463
0.06152 259.6 431.5 0.468
0.06276 26449 146.,2 0.464
0.05342 267.6 461.0 0.470
0.06442 272.5 470.8 0.465
0.0654.2 276.7 485.5 0.465
0.06646 281.1 505.1 0.469
0.05751 285.5 519.8 0.468
0.06836 288.5 534.5 0.469
0.06931 232.5 549.2 0.459
0.07025 290.4 578.7 0.481
0.07131 300.9 588.5 0.47%
0.07223 298.6 608.1 0...78
0.0722) 299.3 613.0 0.482
0.07415 307 .4 647.3 0.482
0.07519 311.5 666.9 0.484
0.07722 %19.2 686.5 0.472
0.07825 323,14 71.5.0 0.480
0.07928 328.5 720.9 0.470



u , m/s Re API‘ , 1/w? fr
0.08032 352.0 750.3 0477
0.08237 340.5 78l.6 0.4 74
0.08165 350.7 818.9 0.468
0.0868L. 259.8 853.3 0,464
0.08301 363.8 882.7 0.467
0.09083 3754 941.5 0.468
0.09292 385.9 971.0 0.461
0.04145 172.1 210.9 0.503

- 0.05735 239.3 372.7 0.64
DOWN~F1ow
u, m/s Re AP, N/m? AP N/m? £y T,
0.09783 377.6 1248 1018 0.533 0.4.35
0.10399 LOL .y 1413 1142 0.53 0.432
0.10510 40547 148 1177 0.536 0.436
0.1.0905 420.9 1507 1224 0.518 0.421
0.11157 430.7 16320 1327 0.53%6 0.435
0.11.426 441.0 1683 1365 0.527 0.428
0.1.1600 447.8 1722 1395 0.523 0.42)
0.12153 %69.1 1901 1536 0.526 0.425
0.12359 477.0 1984 1607 0.531 0.430
0.12912 498 2137 1731 0.524 0.2l
0.13291 513.0 22,8 1815 0.520 0.420
0.13575 52,0 2378 1931 0.528 0.428

Fluid: 30.15% Aq.CGlycerol

UPl--Flow

168
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u, m/s Re DP N/m? £y
0.09202 151.3 1765 0.796
0.08764 1401 1622 0.806
0.08281 1%6.,1 1490 0.830
0.0785! 129.1 1360 0.841
0.07352 120.9 1226 0.873
0.06910 113.6 1121 0.896
0.0€L33 105.8 1011 0.932
0.05941 97.7 901.5 0.975
0.054.2) 89.2 790.0 1.025
0.04885 8C.3 6794 1.087
0.04356 71.6 575.5 1.157
0.03722 61.2 466.1 1.284
0.03096 50.9 370 1.491
0.02420 %9.8 265.0 1.728

DOVN--F1 ow
0.09202 151.3 1709 0.770
0.08764 141 1569 0.780
0.08281 136.1 144 0.80i4
0.07854 129.1 1322 0.818
0.07352 120.9 1199 0.847

0.06920 113.6 1078 0.862
0.06473 105.8 980.1 0.904
0.05941 977 867.6 0.93¢
0.05424 89.2 753.0 0.977
0.04885 80.3 652.0 1.043
0.04356 71.6 559.5 1.125
0.03722 61.2 1501 1.240
0.03096 50,9 355.3 1.407
0.02,20 39.8 250.% 1.632
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u , m/s Re apy N/m? f,
0.02983 54,8 112.9 0.837
0.01754 32.2 62.3 1.537
0.00590 10.8 31.2 5.908

Parallel Pattern Channel

Fluid : Water

UP-Flov
0.68114 2629,2 19650 0.173
0.62267 240%.5 16810 0.177
0.57210 2208.3 14340 0.179
0.52152 2013.1 12110 0.182
0.47411 1830.1 10140 0.184
0.42354 16349 8405 0.192
0.37929 14641 6675 0.190
0.33188 1281.1 5439 0.202
0.28605 1104.1 3955 0.198
0.23706 915.0 2967 0.21¢
0.21177 '817.4. 2,01 0.219
0.18965 732.0 1942 0.221
0.16910 652.7 1595 0.228
0.14698 567.53 1236 0.234
0.126:3 L88.0 941..8 0.241
0.10589 408.7 7063 0.258
0.08692 335.5 482.7 0.261
0.06795 262.3 300.2 0.266

DOV/N-Flow
0.67640 2610.9 20390 0.182
0.62583 2615.7 17550 0.183



u, m/s Re &Py N/m? f
0.5689. 2196.1 14710 0.186
0.51125 19734 12110 0.190
0.43935 1695.9 9270 0.196
0.39667 1531.2 766L 0.199
0.33978 1311.6 5191 0.18.
0.29553 1140.7 4050 0.208
0.22599 872.3 2967 0.238
0.19913 768.6 2u72 0.255
0.18095 698.5 1813 0.226
0.15646 603.9 1436 0.240
0.13591 52,6 1107 0.245
0.11695 451 .4 847.6 0.253
0.09640 372.1 600.4 026,
0.07744 298.9 400.2 0.273
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Appendix A-7.0 Computation

The data prescnted in Appendix A-6.0 were quoted
from print-out's of Fortran IV programs run on the University
ICL 1900 computer, The program wnich processed the standard
channel data when 50.45% and 65.45% aqueous glycerol solutions
were employed is presented here as an example (pp.196—202). Its
relative complexity and length are due to the multiplicity of
manometers used, pressure drop measurements of the ribbed section,
each of the two ports, as well as the channel total, and UP-Flow
in addition to DONN-Flow situations. Hence, readings of various
manometers were directly fed without pre-adjustments. A sampls
of print-out results from another program (standard channel
41.95% ag.glycerol data) is also presented on pages 203 anl 20k.
The last column on page 204 is the summation of the percentage
contributions and can be regarded as a measure of accuracy.

Fig.'s Lo7, 4.16, 4.29, L..32, L.38, and L.41
were plotted by the computer graph plotter. Standard sub-

routines were used for this purpose.
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IF (1,67 92 AND, 1, LY. Q7)) GO TO 1.5

Ta1 ITF G0,y E0. 0) GO TO 180

THe TPRACI)=TODRP(IY*I . RDT7ER
GFTO T

140 1PdD(1)a10DP (1), 7459 81
GU T 1on

163 TF (MON(],2),FQ,0) GO TO 18¢
GO TO 140

190 LUSTEDLIY/(RHOX(VELDCIY*%2 0))
FAnya (Top (1) *DEY/ (2 uxREus (VELOUI)vwZ, 0 xCLEN)
WRITE (2,20) VEILOCI)Y ,RECI) ,IPn(T)  EUFANRN

170 CONTIT wU
WRITE (2,100)
K= 20
J=42
M=45
HBO 200 1=3%37,63
ENPzENDD(I)«9, 80768
kepPaRadod Iy« g, /4209067
IF (1,Gy 4SS, &aND, T, LT,50) GO 10 210
IF (1,60 S0 08 1T FO_ 81y & I 220
IF (1,67 . 81,AND_ T, LT ,5%4) GO TO 230
TF (1,61 .88y GO 10 240
FNCz(FRN2/TPD(T+22)) 100,00
RECH(RUD/TPD(I+22))Y*100,1
EXPSTRO(T429)= (L UDEENP)
EXCo(mXp/TRD(I¢2%))*700.0
VELsVELO(I+22)
HEANS(RanxDE)Y /{2 . OFRHNOC(VEL*x=2 O0)*LLEN)
FUER=ENp/(RHN*(VELw*2 , 0))
FUsX=rxo/(QHOx(VFLax2 0))
REYSERFE(T+29)
GO TO 250

210 K=x+1
EANCS(END/TANCT+Y))®100 U
ReCs(Rap/1en(l1+x))+100,0
EAPSTRN(1+K) = (REPIFNP)
EXC=(EXpP/TRDCI+K))I%100,0
VEL=VELN(T4+X)
REANZ(RAP*DEN /(2,04 xkHOR(VEL*%2,0)x(LEMN)
FURNFEFND/(RHN®(VFLEx2,0))
FUEXZEXL/(RHOM(VFLEx2,0))
REYZRF (] «K)

GO TO 250
220 J=Jg+i
ENCo(EXND/TON(I+ 1))+ 00,0
Rae={un o100 0I )Y 0,0
FARaTon(pa )il a0y
EXCT(EXD /TR0 a) sl 00, C
VELzVELO (v
BEas=Caipanr )y /U0 dvmnse (Vg ke (3 #CLEN)
FUESENS /(RUO* (VEL*%*2 D))
FUP R/ (i a{yilaxp 0))
REYZQE (1))
GO Yo 250
£330 Asied
RO CENo /TR ) e 00 0
REC=(RG0/TPD I+ ) 8100, 0
FAOSTOn () - (R )
EXC=(eyn/TrDOI+n)) €100, 0
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250
200

260

290
230

Su0
320

270

VELSVEFLO(T4N)
REAM=(RUDEDEY /(2,0 eRNO&(VEL*¥? QY *(LEN)
EUPN=FNDn/ (RHOs (VL L®*2,0))

FUR Y=o/ (RUOx (VY Lex2 0))

REY=RE (1 +N8)

Wi YO 259

ELO=(ruo/Ten e 20y Y100, 0
HeC=(REL/TPDCI+S0))*100.,0
EXPe=Ton(1450)=(RaP+ENP)

Er 2=y /T 0 n (1 +5(3))¥100,0
VEL=VELNCT+50)

KFPANS(RuprUE)/(é, 0erROw(ViLawd H)xCLEN)
FUENSEHP(RHOY(VEL®*2 _0))

FUE XX/ (ruas(vrLes2, 0))

REY=RE(T+45D)

200

WRITE (2,1460) ENP,ENCEXP AL, RR3P RAC, REY/RFANSEUENIEUEX

CONT TN UE
W?ITE (2,260)

FORTAT (AT, 27X, vAIUEOUS GLYCEROL AY%,45% BY METGHTY/ /)

WEITFE (2,20)

RHO=11A4 . K7

VIS=16hH, 08E=3

DO 270 T=114,13%

VELOLTDY aMEPLOW(T)Y/ (AREA#RNHD)
RECI)=(uHO=nDESVFLOCE))/ VIS

TF (1 ,aT.11%,A8D, 1. LT,121),0R,1,6T,132) G0 TO 2&0
TE CL a7, 180 40D, 1. LT, 1350060 10 290

TP (HMODCT,2)Y  FQ,0)Y 6O TH 300
TRPDCI)=TONPCI) xS, 745%G 81

GOTO 400

TRDCI)=T0DRP(1)e? 80768

Bz TPD(T Y/ (RHOX(VFLO(TYE*2,0U))
FANAN=(TPDCI ) #NFEY/ (2,0*RHO*(VELOC(TIY*%x2,0)*CLEN)
WRITE (2,90) VELOCI),RECLY,TPD(I) EU,FANN
CONTINYE

W1 TE 2,10Mm)

k=50

PO 310 1=264,53

ENP=ENDP (L)Y, 8076
REPaRIDL(II*Z,7465%9 81

TF C(1,GY _ 71,AND,1.LT,78) G0 TO 330

I1F (1.G67.77) GO TO 340
FNCaCERR/TPDCT450))*100,0
RC=(RGL/T2D(1+50))«100,0
EXD2=TDEDR(T+3U0)Y~(RDOPRLND)

EXPe (O /TN (T+50)3x100,0

VvEL=VEL LN T +490)
REPANS(RaD20TY /(2 NaH02{(VvELex2 0)YSCLEM)
Pupaze AR (R (VELYY2 )))
FUFR=FXp/(RAD*{VEL*%2,0))

RLY=RECT+50)

60 YO 350

LTy 4]

ENCE(EHPZYPN(T+K) )00 0
RRERC=(RRD /TN (T 4RYY+100,0

NG T RN TR (b D)
Ere=(EYn/Tenelax)yxigu.,u

VELSVELOLT+X)

WhRALTLa Y pa DY Y A2 0w tHO R (Y S Lee? Y CLEN)
EURaaFNO 2 (RO 2 (VELE%Z,0))
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IF (l.ar . 101) 60 T 17
FlLo=(Ema /PRl esad ) *100,0
o=z (RE2/TDPNT2H6)IFT00,0
FXO=TON ] +Sn)=(ROPEEND)
EXL=2{FXp2T0D(1+58))*100,0
VEL=YTha(l+54)
P ANE (WO Y (P G0 (VR L w2 OYXCLEN)
EUEN=Fyo/(RUOw(VELa*2 0))
FUEX=FXp/(Ren* (VELw*Z ,0))
REY=xri(1+56)
GO T 3on

19 ENC=(FHND/TPD(I+57))%100.0

KRC=(RDP/TON(ISS7))I*100,0
EXL=TEN ] +97)= (0 PeENR)
EXC=(EXn/Ten(I+57)Y*«100,.0
VELSVE LT #57)
REFANT(ROP*EDEY /(2. 0¢RHO®(YELwen2 OU)*CLERN)
EUENSFRO (RN (YFE =%x2 _ 0))
FUEX=F YD/ (RHO* (VELs®2,0))
REYV=QF (1+57)
GU T %20

16 K=K+1
LR (FED/TPDCT ) ) 100 0
fisC=(Ra/TPN(I+r))=100,0
FAL2TPD(T )~ (Rapkdrup)
EXCECEXL/TEONL(I+:))®100.0
VELSVELD T+
KFANS(pnpeDF)Y/(?2,0ukH0e{VELs*2 0)*«CLEN)
EUENSEND/(RHOE(VELE*Z2 ()
FUEX=EX0/(RHO*(VELE*2,0))
REY=Rri (1+K)
GO T0 30

17 EHE=(FNn/TPDCI+AL))x100,0
REC=(RROTPD(TI#H6))*100,0
EXP=TPD(T+56)=(RBPHENP)
EXCTCEXP/TR0(I+A8))*¥100,0
VELSVELO(I+66)
KFANS(QRpwDEY /(2. 0%RHO=x(VEL» %2, 0)*CLEN)
EUENZTEND/(RHOW(VEL*%2,0))
FUEX=2F X0/ (RUD*(VFLw*2,0))
REY=RE(I+6A)

390 w2ITE (2.140) gup, 58C,pXp,nXCaRY ey RA0  REY FHFANSFUENPEURX

I&0 COuTINOF
STop
END

LENGTH 2313, MNAME  GLY(C*2 = COprsENTS

FINTSH

JON = N0 ERRORS 1 CorimenT

L9 RUrvETS USeD
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