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1, ABSTRACT

ﬁefinitions of "divider" and "egualiser" precede statements of the
objectives of the theoretical and experimental pressure—exchanger per-—
formence invsstigations. Various pressure exchanger divider and egualiser
arrangements are descr%bed, ineluding the particular cycles chosen for
further studr. Criteria of the performeances of dividers and egqualisers
are deduced and methods of presenting thése are establighed.

The theoretical treatment is divided into three parts; in the first
an approximate method is used to determine the range of pressure ratios over
which operation of pressure—exchanger dividers and equalisers is possible;
it also foouses attention on fundamental performance limitations. The
second portion of the analysis prediots divider and equaliser performances
by a fairly simple procedure. The final part makes performance predictions
using the method — of-characteristics applied to unsteady flow, account being
taken of leakape and frictional effscts.

A description of the pressure—exchanger apparatus precedes that of the
experiments, Particular attention is given to factors limiting the scope
of the experiments and to the antieipated accuracy of the experimental resulds.

An analysis of the experimental results draws attention to noticeable
trends therein., A comparison of actual and predicted performances enables
most features of the actual performances to be-accounted for.

Suggestions have been made for some practical applications for pressure—

exchanger dividers and equalisers; these take account of the performance
characteristics revealed by theory and experiment. Recommendations have
been made for ways in which the programme of research could be extended.

It has been concluded that single stage pressure—exchanger dividers and

equalisers are limited to efficient operation at low pressure ratios only.
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It has also been concluded that performances can be fairly accurately

predicted by the method of characteristics, provided lealnge and frictional

effects are taken into account.
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2., INTRODUCTION

2.1 DEFINITIONS OF TIE TERMS; PRESSURE DIVIDER & PRESSURE EQUALISER

For the purposes of this thesis the terms pressure divider and
pressure egualiser are defined as follows:
Pressure divider: a machine taking in a single stream of zas or vapour
and discharging two separate streams, one at a higher and the other at a
lower stagnation pressufe than that of the ingoing stream. The work
nesded to compress the fiuid emerging from the high pressure outlet is
obtained from expansion of the remainder of the flow.
Pressure equaliser: a machine taking in two streams, of (not necessarily
identical) compressible fluid, one stream having a highor stammation
pressure than the other; the fluids are discharged from & common outlet
with a stagnation preééure between these of the ingoing streams. The work
reguired to compress the low pressure fluid is obtained from expansion of
the high pressure stream.

Pressure dividers may find application in coolins or pressure-boosting

plant, pressure egqualisers for gas pumping duties, etc.

2.2 PREVIOUS WORK

So far as is known to the author, prior to the work desecribed in this
thesis, no pressure—exchangers have been built workins on pressure
divider or pressure egualiser cycles. Pressure—exchanger dividers and
equalisers have however been described in patent literature notablv by
Jendrassik (8) and Spalding (14). Some theoretical work has heen carried
out by Spalding (15) in whieh the isentropic performances of some basic

pressure—exchanger divider and equaliser arrangements have been studied.



The work described herein was an attempt to obtain experimental
performance date from a pressure—exchanger divider and a pressure—
exchanger equaliser (henceforth frequently abreviated to "divider" and

"equaliser"), and to compare these data with the results of theoretical

studies.

2.3 OBJECTIVES OF THE INVESTIGATIOH.

2.3.1 }¥ain Objectives

The main objectives were:
(a) to investigate the performance of dividers and equalisers.
(b) to compare experimental and theorstical psrformance studies.

(c) to determine the limits (if any) of the performance regimes
of dividers and equalisers.

(d) to draw conclusion from the investigations.

232 Subsidiary Aims

The following objectives, subordinate to those listed in 2.3.1
were kept in mind:

(a) the need *to find some suitable commercial uses for dividers
and equalisers.

(b) to observe and note any special features of pressure—exchanger
dividers and equalisers which may make them outstandingly
suitable for use in special circumstances.

(¢) in the ligsht of experience to nots any improvements which could
be made to cycles or structurs.

2.3.3 Limitations of Scope

In order to reduce the guantity of work to manageable proportions,
only one divider and ome egualiser cycle were investigated out of a
whole range of possibilities. A variety of possible arrangements is
briefly reviewed in section 2.4., the actvnal cycles studied being those

{1tustrated on Fir.2.4-1 and Fig.2.4-4. The choice of cycles for
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inclusion in the investization was based uvon likely commercial
potential, and also their suitability for the apparatus available for

the experiments.
Throughout the whole series of experiments the working fluid

was restricted to air at approximately room temperature.

PRESSURE-EXCHANGER DIVIDER & EQUALISER CYCLES

This sechion. is intended to be a brief survey of some possible cycles.

Tre isentropic performances of these are illustrated by a - u diazrams, each

being accompanied by an appropriate ¥ —X illustration. The foregoing

and other symbols are defined in Appendix I.

2¢4.1 Single Ended Pividers: .

Single ended dividers are herein defined as dividers in which
fluid enters the rotor at one end only. Some possible arrangements
are shown in the following diagrams; wu is taken as positive when flow

is from left to right;

®

Fige 244-1e
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The cycle illustrated by Fip.2.4-1, that chosen for study in the
divider performance inwvestigation, is fairly suitable for applications
in cooling plant where attention is focussed on the condition of the
low pressure stream. A rood expansion efficiency may be anmticipated
due Lo the improbability of disch;rging from the low pressure port
fluid which has remained in the rotor for more than a part of one cycle;

this point is illustrated by a dotted line on the € —xX chart,

Fige 2.4-2 shows an arrangement having the advantare of using
generally weaker waves for specified pressure ratios than the cycle
shown on Fige 2.4-1. The major disadvantage is that both the high
and low pressure streams have to work their way from one end of the

rotor to the other before being discharged.

A good compression efficiency may perhaps be expected from the



layout shown in Fig. 2.4-3; for prescribed pressure ratios the waves
are generally stronpger than those for the cycle shown on Fig.2.4-2.
The 0. — u diagrams for Fig, 2.4-1, 2 & 3 are drawn to the same scale
for cycles having identical port pressures in each case.

2.4.2 Sinegle Ended Equalisers:

A single ended equaliser is defined as an equaliser discharging

fluid at one end of the rotor only. Again w is taken as positive

when flow is from lift to right on the t-x diagram.
O

\\§ ‘:{ ©
&

Fige, 2.4-4

NEFY
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The arrangement shown in Fig. 2.4—4, that chosern for inclusion

in the equaliser performance investigation, has the advantage that, for
specified pressure ratios, it requires generally weaker pressure waves
than either of the other two schemes. An attempt has been made to
illustrate this point by drawing the O—W diapgrams for Fige. 2.4—4, 5 & 6
to the same seale for cycles having the same port pressures in each
case.

2.4¢3 Double Ended Dividers.

Double ended dividers are here defined as dividers in which
fluid enbérs the rotor at both ends of the cells. Generally double
ended cvcles allow better use to be made of the available space on the
statof end plates by accommodéting more vports than can be incorporated
in sinzle ended machines.

If double ended arrangements are made using any of the cycles shown
in Fig, 2.4-1, 2 & 3 a common result is obtained as shown in Fig.2.4-7

on the t-X and @-uw planes.

z a

£ Fip, 2.4-7

2.4.4 Double Ended Equalisers

Double ended equ:lisers are defined as equulisers discharging

medium pressure fluid from both ends of the cells.
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Making double ended arrangements of the schemes shown in Fig. 2.4-+4,
5 & 6 results in the followins common £-X and GQ-u diagranms:

a

- +uw
X

2+.4.5 Open Ended Dividers & Equalisers

Open ended dividers and eéualisers are distinpguished by having
a stator end plate at only one end of their rotors. The open end of
the stator is maintained at the medium pressure of the cycles. Open
ended arrengements lead to a considerable structural simplifiecation
compared with the schemes previously discussed. Fig. 2.4-=5 shows an

open ended divider, Fire 2.4-10 an open ended equaliser:

'\
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The main disadvantage of open ended dividers and equalisers is
revealed by the a-w diagrams; on these the points (a) and (¢} must lie
on the dotted curves. The dotted ourves are the steady flow boundary
curves for fluid passing into or out of the cells. Two a-u diagrams
are shown on Fig. 2,4-10, the left hand one for cells having no
diffusing action, the one on the richt for cells incorporating diffusing
DASSEres.

2e4.6 8Singrle Cell Dividers and Egualisers:

Pressure—exchanger construction can often be simplified by
replacing the orthodox multi-—celled rotor by a single tubular cell. If
this is done suitable valwve gear must be provided at one or both ends

of the tube to replace the normal valve action of orthodox machines
résulting ?rom relative motion between cells and stator. An example
of a single cell pressure—exchanger, featuring internal cambustion,

was the Cerman Schmidt tube flying-bomb engine of the Second Word War,

A particular simplification can be obtained in the construction of

dividers and equalisers by combining the single cell concept with the
open ended cycles described in the previous section. The appropriate
t-x and a-u diagrams are similar to those shown in section 2.4.5.

An associated programme of research has been carried out at

-



Imperial College to investigzate the psrformance of open ended
single cell dividers and equalisers. This work is reported by

Barham (2).

2.5 COMPOUIDING OF DIVIDERS AND EQUALISERS

Dividers and equalisers may be compounded in order to make operation
possible over greater pressure ratios than might otherwise be the oase.
There appear to be at least two distinct methods of compounding; one
involving feed—back circuits, the other, & more simple method suggested by
Spalding (14) avoids this complication.

2+.5.1 Compovnding Without Feedback

Fig. 2.5~1 shows in diagrammatic. form a divider with three stages
of compression. The dotted curves on thea-—u plane are intended ‘to
represent the expansion of fluid passing from the hizh pressure out-—
let of one stage through the inlet nozzle of the succeeding stage.
Dividers can also be conceived with compounded expansion as well as
or insﬁead of multi-stage compression.

Fire 2.5-2 shows an egualiser compounded for multi-stage
compression of the low preséure stream. Egualisers can be arranged to
provide multi-stage expansion of the high pressure flow in addition

to or instead of the scheme shown in the diagram.

!
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For many applications, a disadvantare of designs of the kind
shown on Fig., 2.,5-1 & 2 is the multiple pressures at which fluid
is removed from, or supplied to, the machines. In the divider
arransement shown in Fige. 2.5-1 low pressure fluid is discharged at
pressures F;,Ps & B.3- In the equaliser shown in Fiz. 2.5-2 the
high pressure supply is admitted at pressures Py, Pyz & Pua.

2e542 Compounding With Feedback;

The prime disadvantages of the system of compounding desoribed
in 2.5.1 can be eliminated by incorporating feedback er recirculating
ducts; these in turn have the disadvantage of adding engineering
complexity. Fize 2.5-3 is a block diagram.of a divider arrangement
featuring four stage compression; Fige. 2.5-4 is a scheme for an
equaliser arranged for compounded compression of the low pressure
stream. It is also possible to arranse for multi-stage expansion
instead of, or in addition to, multi-stage compression in both dividers
and equelisers.

In real machines it would probably be necessary to install inter—
coolers in the feedback circuits in order to counter some of the effects
of irreversibilities.

The compounded machines described in this and the preceding sub-



sections may be desigsned to incorporate more than one stage in a

single pressure—exchanger unit.
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2.6 POTENTIAL COMMERCIAL APPLICATIONS

This sub—section secks to review briefly some of the sugrested
commereial applications for dividers and equalisers.

2e6.1 Dividers

Divider anplications appear to fall into two broad categories;

(1) Applicationsvhere attention is focussed on the cooling
potential of the low pressure stream. These included the
cooling of high speed aircraft by the use of ram air after
expansion in dividers. Another sugpgestion incorporates a
divider as an "expansion engine" in a vapour compression
refrigerator.

(2) Applications in which the high pressure stream constitutes

\
the useful output. These include pressure boosting operations
for air or gas compression plant, also the pressure boosting

of the output of steam boilers.
2¢642 Egualisers
Applications include uses as forced or induced draught fans for
steam boilers, etec. In such applications the driving fluid would often

be steam expanding through a comparatively large pressure ratio, the

driven fluid air or products of combustion. Another idea is to use
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equalisers as thrust augmenters for aircraft jet-propulsion units.
Egualisers may, in general, be thought of as potential replace-—

ments for ejectoré working with compressible fluidses In principle

equalisers should be more eff‘iqient than ejectors because the f‘ormar

operate on cycles which are in essence reversible,



3. PRESENTATION COF PERFORMANCE

3.1 MEANING & CRITERIA OF THE PERFORMANCE OF DIVIDERS & EQUALISERS:

Knowledse of the verformance of dividers or egualisers is taken to mean,
for prescribed geometry- and rotor speed, knowledze of the pressure,
temperaturg mass—{low and physical properties of the fluid passing thréugh
the high, medium and low pressure ports. This information, nreferebly
expressed in dimensionless form, may be compared with corresvonding date
for idealised machines.

Due to the mode of operation of dividers and equalisers the appropriate
idealised cycles are isentronice The choice of isentropic cyeles as criteria
with which to make comparisons is a particularly convenient one because
the isentropic performances are readily predictable usinz simple theery, also

because collations made in this way allow the performances of pressure
exchangers to be compared easily with those of orthodox machines,

It is the purpose of thes following sub—sections, 3.2 and 3.3, to explain
in more detail the choice and significance of the criteria of performance and

to justify the chosen methods of presentation.

3.2 DIVIDERS:

3.2.1 Sisificance of Mass Ratio & Product Efficiency:

For specified port pressures the ratio of the mass flow passing
throush the outlets of an adiabatic divider is, if expressed as a
fraction of the corresponding ratio for an isentropic machiné, a direct
measure of the product of the machine's isentropic efficiencies of

compression and expansion:

> .
m m :
n-,]z ﬁ\f = ?cns 25\5 = ?Pos 3e2-1

Proof of this and other expressions appearing in section 3 are
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given in Appendix II., A mass ratio, the physical significance of
which is more easily appreciated than that given in 3.2-1, is the
ratio of the high pressure mass flow divided by the total ingoing

mass flow; +this has been given the symbol/6 s 1edo2

R o onG
B W, = B 3422,

Where S* refers to an isentropic mechine it follows from 3.2-1 &

: Exprossing‘/g*ln terms of the stagnation pressures in the high,

3e2+2 that:

medium and low pressure ports:

2 -_-["'(p“’/{’m)x%‘] | 24,
BGd T CTR A :

Equations 3.2-3 and 3.2-4 show that if the mass ratio of a divider

is known for specified stagnation pressures, then the isentropic
product efficiency zms is known implieitly. Hence the mass ratio
is an important eriterion of cycle performance., The mass ratio is
particularly suitable for display on machine performence curves in
the form given in equation 3.2-2.

Another criterion, which.may be showvm on performance presentation
curves, is either isantropic compression or expansion efficiency;
lnowledge of one means that the other is known implicitly, provided B is

also lmown. Enowledge of 2 or lae 8nd 2 implies that the cycle
temperature ratios are known.

Specification of a mass flow, preferably dimensionless, in either
the high, medium, or low pressure ports links the size of a machine of
known geometry with the mass flow it can handle. Added meaning ocan

be given to the dimensionless mass flow by expressing it as a Mach number



in the appropriate high, medium or low pressure ports. It then

has some significance as a measure of the strensth of the pressure
waves in the cycle without losing any value as a mass flow criterion,
and is at the same time a record of the dimensionless velocity through
the portse.

322 Criteria Of Cooling Effect:

¥hen dividers are to be used as coolers it is particularly important

to find appropriate criteria with which to express their cooling effect.
For a machine having an idealised performance which is isentronic, a
eriterion of ocooling effectiveness is the isentropic expansion efficiency
2515 « This has the advantage that, being one of the two alternatives
sugcosted in section 3.2.1 as a desirable way of expressing cycle
temperature ratios, the cooling effectiveness of a potentially isentropic
divider can be included in the general performance presentation.
Knowledge of 7515 mey only be adequate as an assessment of cooling
performance when the sole aim is to produce the lowest possible temperature
regardless of the fraction of the ingoing fluid which is discharged at
that state. Even under these circumstances a somewhat clearer picture
can be obtained by weighting 'Zess so that it becomes an expression

for the dimensionless stamation tempsrature drop ®:
@= T To - 2. l—(f'—_q)“.' % .95
TMD PMO
Where the thermal capacity of the low pressure stream is a more
important factor than the mere maximum temperature drop attainable, a
more appropriate criterion has been given the symbol \JP and is defined;

w=Ce 'h'ES:;‘,M-T.;?Q =(-8) ‘ZE,; [| —-(.E:;)ly} 3.2~6

If \p is expressed as 2 fraction of the corresponding value for

an isentropic machine:



'\%# = ’Zz.s(%zf,A o

If it is remembered that A-»-0O when Z., 0 , then it can he
secn from 3.,2-7 that —53 can exceed unity, and approaches a maximum
value as 2., 0 and Rg>10. : Hence it may be possible
in a real machine to achieve a greater cooling effect than can be
obtained from an isentropic cycle., Equation 3.2-5 indicates that it
would not in principle be possible for an irreversible machine to
produce a lower minimum temperature than an isentropic one. Orthodox
refrigerator—cycle coefficient of performance is of little use as a
criterion of divider—cooler performance, the expression involves some

details of the performance of the compressor feeding the divider.

De2¢3 Presontation Of Performance

The method chosen for presenting the performance of dividers
displays curves of constant B , curves of constant axidl component of
. pressure port Mach llo. My, , contours of constant "2 and
sometimes also of constant 2p,c on a plane the ordinate of which
represents the stagnation pressure ratio P'*%Mo s 8nd the abscissa
the stammation expansion ratio P%Mo o

This method has the advantage of not only displaying the performance
in terms of the apnropriate pressure ratios, but 2lso lines of constant
overall pressure ratio R‘%n.a are simply ineclined straight lines
crossing the R‘%Movemus %o plane.

For cases where the cooling effectiveness is of particular interest

curves of constant \J) and constant @ are also displayed.



363

26,
BOUALISERS

3.3.1 Significance Of Enthalpy Ratio & Product Efficiency

The ratio of the ahsolute starnation enthalpies of the fluids
entering the high and low pressure intakes of an adiabatic egualiser
may be expressed as a function of the isentropic compression and

expansion efficiencies, and corresponding pressure ratios:

S=Ca™ To - De [‘ "(P%Mo)y] 3431
Coy ™My Tuo KTH%" 5!;[_~ q
L : LO
Defining 8" as the enthalpy ratio of an isentropic equaliser:
. i :
g = [lP_(R‘ﬁw)}T’] 3432
((o4y% —1]

And thus from 3.3-1 and 3.3-2;

—é'; = R 3.3-3
where ' 1s the product of the iséntropic compression and
expansion efficiencies.

From equations 3.3-l.and 3.3-2 it can be seen that enthalpy ratio
father than simple mass ratio is the more useful criterion for expressing
egualiser perfonnance data, The reason for this stems from the intro-
duction of two intake flows having independent temperatures. Enthalpy
ratio allows these temperatures to be taken into account, hence it
is possible to express enthalpy ratio as a wnique function of pressure
ratio for an isentropic machine as in equation 3.3-2. :

The design of egualiser studied herein discharpged a sensibly
mixed medium pressure stream, thus the experimental assessment of the
isentropic compression and expansion efficiencies from temperature

measurement presented serious difficulties. The separate lsentropic

efficliencies ?CJS and ?Ens were not therefore regarded as useful
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verformance criteria,

As for the divider case, spbcification of a port Mach number
gerves as combined dimensionless port velocity, mass flow and wave-
strength-indication criterion,

3e3+2 Pregentation of Performance:

Equaliser performance was displayed as families of curves of
constant § , curves of constant axial component of hizh pressure port
Mach Ho. MH and sometimes also contours of constant )ZHS s Al
presented on & plane on the ordinate of which is marked the stagnation
pressure ratio PLVPM , and on the abscissa the stagnation pressure

v}
SR
ratio 'HO
Puo
Lines of constant overall pressure ratio Pﬂ% are simply
Mo
inelined straight lines cerossing the P% versus p% plane. The
Mo Mo
method of presentation is therefore generally similar to that chosen

for the divider case.



4, THEORY

4,1 OUTLINE OF THEORETICAL APPROACH

Theoretical performance analyses have been undertaken at three levds.

(1)

(2)

(3)

A simple analysis using a—u diagrams and isentropic performance
relations in combination to establish complete, hypothetical,
isentropic performance characteristics for dividers and egualisers.
A slizhtly more involved procedure especiallv developsd to predict
pressure—exchanger performance from available experimental
results for basic pressure—exchanger cell filling and cell emptying
Processes. This theory makes allowances for cyele irreversibilities;
although inherently less precise, it is much more easily and more
quickly applied than ths method—of-characteristics.
Method-of-characteristics analyses of divider and egualiser
performances., These analyses have been so arranpged that the
relative effects on performance of cell width, leakage, and friction
become apparent.

The characteristic caleulations are particularly rewarding as
they allow wave events within the machine to be studied, as well
as permitting predictioﬁs to be made of port geometry for

optimum performance.

The three theoretical methods will be dealt with in the foregoing

order.

4,2 PREDICTION OF HYPOTHSTICAL ISENTROPIC PERFORMANCES:

The isentropic performances predicted by the methods described in the

following two sub—sections are essentially hypothetical. The use of a-u

diagrams implies that isentropic pressure wave cycles should be conceivable

in principle if irreversibility effects were absent. In fact finite steep
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isentropic compression and expansion waves, as implied by the application
of a—u diagrams to p.e. cycles, are not generally possible for well
established reasons, hence thé'qualification "hypothetical™ appearing in
the title of this section.

The means used to locate the constant 8% (divider) and cqnstant L
(equaliser) curves on the 334&0 —_ ﬁjfio plane are correct for any
isentropic divider or equaliser cyocle, pressure exchanger or otherwise.

The calculations serve to reveal some of the inherent limitations
of p.e. dividers and equalisers shorn of the complexities of reality.

4,2.1 Divider

The hypothetical isentropic performance of & pressure—exchanger
divider was predieted from the results of tvo indenendent sets of
calculations. The mass ratiofg‘ams evaluated for chosen ﬁgﬁ;c

and PL}{M _ from equation 3.2-4.  The lach numbers in the ports of
the isentropic pressure—exchanger divider were established from the
geometry of appropriate a—~u diagramse The procedure is explained
iﬁ more detail in Appendix IIT section (a), wherein will be found
derivations of the reguired expressions.

For reagons given in Appendix III it was deduced that the flow
Mach number in the LP outlet port could not exceed unity. It was also
deduced that, for a given value of FE;?{ 5 Rtyﬁ;o was a maximum
when both the medium and low pressure p::t Mach numbers were each unity.
These factors served to impose a limit on the range of pressure ratios
for which simple pressure-exchanger dividers are in essence suitable.

Isentropic divider performance characteristics on the 13%5/._ ?ﬁ;’

™Mo ™Mo

plane are shown in Fip. 12.1-1, Contours of constant supersonic high

pressure and/or medium pressure port Mach numbers have been omitted from
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the diagram as such contours would be superimposed on the subsonie
repion enclosed by the My=1 line and the P%o and R‘%m axes.

The constant'/s* curves have been extended, with selid lines,to
illustrate the performance of any isentropic divider-like device over
a greater range of pressure ratios than 1lie within the pressure-
exchanger operating regime.

Firel2.1-2 shows the cooling performance of an isentropic divider
cycle. The My=1 contour marking the boundary, to the right of which
lies the hypothetical isentropic pressure—exchanger divider performance
regime, has been added to the diapram,

4.2.2 Egualiser

The hypothetieal isentropic performance of a pressure—exchanger
equaliser was predicted by a similar procedure to that outlined for
dividers in the previous section. Details of the procedure, as well
as derivations of the expressions reqhtired, are given in Appendix III,
section (b).

From the analysis it was deduced that the Mach number in a medium
pressure outlet port could not in general exceed unity. 4s a
consequence of this and of the geometry of the G—U diagrams the
maximm Yach numbers in the TP and LP inlets were also restriocted to
unity. The Mach number limitations impose restrictions on the range
of pressure ratios for which pressure—exchanger equalisers are suited.

The idea of ecircumventing the foregoing restrictions and working
with greater pressure ratios for the particular caselW"=P4",

M=0, by means of making My supersonic cen be shown to be impractical

when the effects of expansion wave fanning are taken into account by

the full method-of-characteristics.
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Fire,12,1-10 shows the performance characteristics, on ths

R p + 3 3 i

:3fi° - f}fio plane, of a hypothetical isentropic pressure-
exchanger equaliser cycle. The entire performance regime:lies within

: : R R
a hly t z b d by the 't0 Ho,
roughly triangular region bounded by the /4i4° and ‘/45;0
' ¥

axes and the MM=1 contours The curves of constant S have been
extended over a larger area than that covered by the isentropic pressure—

exchanger equaliser performance curves.

4,3 SIVPIE THEORY FOR PREDICTING PRESSURE EXCHANGER PERFORMANCE INCLUSIVE

OF IRREVERSIBLE EFFECTS:

A simple theory was developed for making rapid, approximate pressure-
exchanger cycle performance predictions. The method was based on the
following procedure involving four main steps; oniy the final step needs
to be repeated during the course of cycle calculations.

(1) The deovelopment of a generalised form of energy eguation
applicable to pressure—exchenger processes involving (nominally)
only & single finite pressure wave.

(2) Determination from experimental cell filling and cell emptying
data, used in conjunction with the generalised form of the.
enerzy equation, of static pressure ratio (09) versus statie
temperature ratio 61")relations for compression and expansion
Waves.

(3) Estahlishment, with the aid of the peneralised energy equation
and W versus O~ relations, of static pressure ratio versus lach
number curve families for compression and expansion wave processos.

(4) Pressure exchancer cyele calculations performed with the assistance
of the T -0~ curves referred to in (2) and the O~ —=M curve

families mentioned in (3). Details of the particular ecyecle
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calculation procedures for dividers and equalisers are given in
section 4,3.1 and 4.3.2 resnectively.

The fundamental assumptions are:

(a} fluid states and velcecities throurhout each cell are taken as
uniform at the commencement and comnletion of each single wave
Drocess.

(b} there is no composition or temperature discontinuity at the inter-
face between fluid entering during a filling process and the
original contents of the cells.

(c) wvelocity distribution assumed to be uniform across each port.

¥B. restriction (b) may be relaxed and (a) aqyénded accordingly at

the price of more tedious cyvecle calculations.

The following assumptions are inplied as consequences of the three

fundamental assumptions already quoted:

(d) end effects due to wave reflection at boundaries are absent:
this is a consequence of assumption (a).

(e) pressure waves are infinitely thin in the vicinity of boundaries.
This assumption arises from the consideration that the flow
velocity near a solid boundary must be zero in a direction normal
to the boundary, or the normal velocity must be uniform (o) if
the wave overlaps a port. Since end effects are ruled—out (d)
neither of these situations is compatible with a gradual change
of normal velocity across a thick wave.

Details will now be given of the four steps in the theoretical

procedure.
Step (1): Applying the energy equation to the boundaries of either of the

regions shown in Fige4.3-1
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Fir, 4,3=1
leads, provided use is made of the forepgoing assumptions, to the following

common expression:

el e ]
MY R

A derivation of equation 4.3-1 is given in inpendix IV.

When M;_=O » 4e3=1 reduces to:
e P 2
I=X[I+ x=) ]——*——-—X—I-L—Q 4.3-2
(M e — (-0
Equation 4.3-2 applies to the first part of simple cell emptying

(L.Z.sketch) or the first part of simple cell filling (R.H.sketch).

“hen Mg=0, 4 :
BD {X(%)M: 4 X-——%] = (¥ =1 8 4,33

is applicable to the latter part of simple cell filling

+3=1 becomes:

(L.H¥. sketch) or the latter part of simple cell emptying (R.7.sketch).

Step (2): The adiabatic forms (Q=0) of equations 4.3-2 and 4.3-3 were
used in conjunction with experimental data and the well known isentropic
relationship linking flow Mach number with static stagnation pressure ratio
to enable the T — O~ relationships showvn on Fir.l5.4-1 to be deduced. The
experimental cell filling and cell emptying data were similar to those shown

on Fir. 4 of reference (16), with the addition of Mach number information.

Step (3): The curve families shown in Fip,15,4—2 to 15.4-5 inclusive were

constructed from evaluation of equation 4.3-1, use being made of the
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appropriate T —O~ relation on Fiz.l5.4-1. The choice of the particular
Y —0O~ relation in the evaluation of 4,3-1 was zoverned by the nature of the
wave process under consideration; whether it was akin to the first or
second part of filline, or first or second part of an emptying process.

The W—O~ relation used in its construction, and the process to which it
anplies are written on sach curve family.

Curves Fip.15.4-1 to 15,4-5 inclusive form the basic tools nesded feor
cycle calculations,within the limits of the previously stated assumptions (a)
to (e), when air is used as the working fluid.

Step (4) is described for dividers and equalisers respectively in sub-

gections 4.3.1 and 4,3.2.

4,3.,1 Dividers:

Then avplying the general theory to particular cycle calculations it is
sometimes helpful to draw pressure ratio — lMach number (G- —M ) and temperature
ratio — Mach number (W —M ) diagrams as well as a t-X diagram. These

have been drawn for a typical divider cycle in Fiz.4.,3-2.

.

T ®

Because the model's waves are infinitely thin (at least at the
boundaries) and because considerations based on the prevention of direet

leakage between MP inlet and IP outlet call for the provision of a finite

land between these ports, expansion weves BX and XC were treated as distinct



waves.s The space between them enclosed statiénary fluid at state X,

It may be noticed that the W—M diagram has been dravm in such a
way that the temperature of fluid at stete B is apnarently greater than
that of the fluid initially in the cell at state D. TFor a leak free
adiabatiobmachine the actual temperature and pressure of fluid in the cells
at the commencement of a wave cyele will clearly be those prevailing at
the completion of the previous cycle. In the model this state of affairs
is incompatible with assumption (a) of section 4.3. This complication was
resolved by assuming (correctly) that Op = Og , and that Yp and Yg were
as shown on the Y'—M diagram, These assumptions imnly that, taking into
account the constancy of cell wolums, theiinternal energy of the contents of
a cell at state E is equai to that of a cell at state D.

Compared with the real situation, the model therefore discharges too
great a mass flow at too low & temperature from the mesien—ef=Ske HP port,

On an energy

balance basis the model is similar to the real situation except for gquite
gmall second order effects.s The nature of these is expiained in more detail
in the seetion on the method-of-characteristics.

By determininf the mass ratio B8 from the relative mass flow in the
mediwm and low pressure ports, it was possible to predict the correct mass
ratio corresponding to the real circumstances, The appropriate expression
o /9 , the derivation of which is given in Appendix IV, is:

e Ll ‘

1+E N (iR = 4,34
7

aY Ip
Pressure—exchanger divider performence characteristics were therefore

deduced from aprropriate use of Fir.15¢4-1 to 15.4-5, equation 4.3-4 and
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Bernownlli's squation for compressible flow, The range of pressure ratios
over which predictions could be made were restricted by the limits of the
experimental cell filling and cell emptying data; these in turn reétrioted
the range of the Y —O- relationships. Fig.12.1-3 shows pressure-—exchanger

divider performance characteristics predicted by the foregoing method.

44342 Egualiser:

The predictions of pressure—exchanger equaliser performance were
carried out by a generally similar procedure to that used in the previous

section, The appropriate t—X , 0-—M , and T—M diagrems are shown on

ak
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Fire 4,3-3

As for the divider case, fluid at state X has been specified as
stagnant; this is consistent with the assumption of infinitely thin waves
and a land of finite width between the HP and LP ports. Examination of
equaliser—cycle wave diagrams produced by the method-of-characteristies shows

that the supposition of stagnant fluid at state X is not, for cycles
involving strong waves, far removed from the much more complex situation
occuring in reality.

The difference between Y and 'Té ocours for exactly similar reasons

to those described in section 4.3.1. The expression for S is given bys:
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Appropriate use of Fig.l5.4~1 to 15?2—5,Bequation 4,3-5 and the well
known relations resulting from application of the energy equation to
isentropic steady flow processes, allowed pressure-—exchanger equaliser
performance characteristics to be determined. These are displayed on

Fig‘.lZ 01"'11.

4,4 APPLICATION OF THE METHOD-OF-CHARACTERISTICS TO THE STUDY OF

DIVIDERS AND EQUALISERS:

4,4.,1 Scope of the Characteristic Calculations:

The aims of the characteristic calculations and their remifications

were to:

(1) predict optimum performaences and corresponding port geometries
rather than attempt to reproduce, by theoretical means, the
experimental performance results.

(2) produce wave diagraems ffom which an understanding of cycle wave
actions could be obtained.

(3) provide an indication of the relative importance of the effects

on performance of:

(a) wave events

(b) cell width

(¢) leakage

(d) entry, exit and cell wall friction losses.

4.4.2 Fundamental issumptions:

The following assumptions apply to all the characteristic ocaleulations

for finite and infinitely narrow cells.
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(1) Residval pressure waves trapned in the cells near the completion
of each cycle were assumed to decay adiabatically and allow the

= contents of the cells to become quiescent before the commencement
of the succeeding cycle,

(2) Cell partitions were assumed to be infinitely thin. In the case
of finite cell width calculations, cell partition thickness was
taken into account by a correction procedure applied after
completing the characteristic calculations.

(3) Totel head pressure was assumed to be uniform across inlet ports.
The total head pressure in a port, before allowing for ﬁictionﬁl
effects, was taken to be that correspending to steady isentropic
flow when the cell end is fully exposed to the port.

This assumption‘is consistent with homentropic flow from
the reservoirs supplying the inlet ports.

(4) Static pressurs was assumed to be wiform across an outlet port
at a valwe, before allowing for frictional effects, equal to that
prevailing in the cell ends with unchoked flow when these are in
full commmication with the nort. This agsumption is consistent
with the anticipated behaviour of discharge ports connected to
large reservoirs; it is also consistent with streamlines
reme.ining parallel in outlet ducts. The more complicated
circumstances likely to prevail in practice are discussed in

Apvendix VI,

4,4,3 The Adaptation and Extension of lMethod-of-Characteristic Procedures:

The adaptation of the method-of-characteristics to the study of divider

and equaliser cycles involved the following steps.

(1) Development of a means for allowing the method-of-characteristics



applied to one—dimensional, unsteady, isentropic flow to be
used for the study of complete wave cycles involving non-isentropiec
Processes.

(2) Establishment of a procedure to enable the Spalding — Jenny method (16)
of catering for finite cell width effects to be generalised. The
procedure allowed Jenny's boundary chart to be used for any
appropriate application regardless of the reference (or datum)
conditions of the wave diagrams.

(3) Development of a means for taking into aeccount the finite width
of the cell partitions when correlating the flow conditions in the
cell ends with the apnarent steady flow Mach numbers in the ports.

(4} Deriviotion of a means for taking leakare effests into account.,

The leakage theorv was contrived to be apvlicable to otherwise
complete characteristic calculations carried out independently
of lealage,

(5) Development of a method for modifying calculations, otherwise
complete, to talke account of viscosity effects.

The fundamentals of the method-of-characteristics for 1D unsteady flow
are described by Jenny (). The application of characteristies to pressure-
exchangers are fully explained by Spalding (16, 17), hence no attempt will
be made here to cover this aspect of the theoretical treatment.

Steps (1) to (5) will be described as thege have not, to the author's

knowledre, been reported elsewhere.

Step (1)
Complications arise when the method of characteristics for isentropic

unsteady flow is used Yo predict the performance of wave cycles involving

an increase of entropy due to the decay of residual waves trapped in the cells
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during the latter part of each wave cycle. Several ways of avoiding these
difficulties are listed.

(a) To assume that the residual waves do not decay; +this has the
disadvantage of requiring several wave cycles to be drawn for
each case to satisfy cycle end conditions. The calculations are
tedious, and probably not particularly accurate, as at least some
wave decay will ocour during a cycle.

(b) To allow for the difference in entropy between new gas entering
the cells and the original cell contents by applying isentropic
characteristic theory in each zone of uniform entropy. This
is a complicated process requiring the simultaneous application of
characteristics in the two,or more, regions.

(¢) To use the method-of-characteristics adapted to allow for
irreversible effects, and employed in conjunction with (bl. This
is probably the most accurate possible procedure, but it is also
the most complicated.

(d) Use isentropic characteristic theory in conjunction with the
agsumption that the fluid left in the cells at the completion
of a wave cycle may be regarded as replaced by fresh fluid, at
the same preésure, havi;g an entropy the same as that of the
fluids in the ports of the machine.

Method (d) was adopted for the Simple Theory and was described in

gsection 4.3.1; it was also used for all characteristic caleulations.
It has the advantape of being the most easily applied of the schemes listed .
The method cen be expected to lead to accurate performance predictions

provided only small wave effects would have arisen from the temperature

discontinuities in the cells if those had not been ignored. The accompanying



diagram, Fig.4.4-1, shows two typical divider cycles. In the left

hand sketch all the fluid in the cell at the commencement of the cycle is
discharged from the HP port. In the right hand diagram some fluid.has
been shown recirculating. ABC and its extension DEF are the demarcation

lines marking boundaries of regions of different temperatures.

ARy A R
— | o~ | S
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M= / M-~ 7777
p Z %
777 A 77777 Z
Fige 4e4-1

Over the maximum range of the calculations covered here, the éifferance
in absolute temperature of the gases on either side of a demarcation line
is not more than about 10%. There is therefore in the worst case only a
difflerence of 5%, or thereabouts, in the sonic velocities of the gases on
either side of a demarcation line.

The waves reflected at the interfaces between‘the regions of different
temperatures are thus very weak, and are about 2% of the strength of incident
Wavese A transmitted wave is about 98% of the strength of its incident
wave when the incident wave is travelling in the colder gas. These results
were obtained from evaluation of equations (7) and (8) of Appendix IX of a
revort by Spalding (17).

It can thus be seen that in fact very little error is likely from the
kind of apvoroximation first mentioned in section 4,3.1, and referred to here
as proposal (d).

Ag described in section 4.3.1, initial and final cell pressures and hence

jnternal energies are assumed to be equal. These conditions are specified
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if the following dimensionless energy equations are satisfied.

For dividers:

fremsnlfe b — e s e glphgadr=o

4.4-1

For egualisers:

Jresso )4 + fonctalfe 47 — s forpip]areo
4.4-2

Each integral expression in these equations represents the sum of
the enthalpy and kinetie energy flowing into or out of the high, medium
or low pressure ports of the cycle. A derivation of equations 4.4-1 and
4.4-2 is given in Appendix V Part 1. In practice, each wave diagram was
adjusted iteratively to satisfy equation 4.4-1 or 4.4-2.

For reasons explained in section 4.,3.1, the expression for /9 wes
written in such a way that direct reference to the flow in the HP port wes

avoided, the appronriate oxpression is:

b:gg_dh(%)&dﬁ'

; 'Mozm Kzm (—%ﬁ)&d.rr
c
For equalisers the expression for stagnation enthalpyv ratio S is:
2t
Mozt (B) dv
S ’ " 4,44

[ Floctalf)d T

The derivation of these expressions is also given in Appendix V Part 1.

Step (2)

Orthodox methods of coping with finite cell width effects are not easily
applicable to pressure exchanger oycle ecalculations involwving filling and
emptying processes at various pressures.

The Jenny-Spalding methods can be applied individuglly to all the

opening and closing processes included in & complete cycle. This however



leads to complications due to the use of seversl different reference

states on the same wave diagram. This difficulty can be circumvented by
specially constructing filling and emptying beundary curves similar to
Jenny's Fig. 23 (16), but in this case all are referred to an arbritary
(common) reference state used for the construction of the wave diagram.

A state diagram, with superimposed Jenny boundary curves redrs¥m in the way

described, is shown in Figure 4.4-2,

In practice the idea shown in the illustration is tedious to apply, as
it is neesssary to reconstruct some or all of the boundary curves, when
célculations are repeated for different pressure ratios. This disadvantage
can be eliminated by using a lattice state diagram in conjvnction with a
reneralised procedure employing Jemny's boundary curves. An additional
chart, termed a scaling diagram, can be used as a link to connect the
orthodox state,wave and Jenny diagrams.

The genseralised procedure uses Jenny's original boundarv curve equations
and makes use of the following relations for filling and emptying processes.

For filling processes:

4 2
7 —a 4,4-5
A - X 4.4-6
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where: 2= 4 : ohis % ol; = Gz dh
aREF CLREF * 2 Q‘REF 1o &7
and Oz = sonic veloecity at starnation conditions in a filling port
Qper = sonic velocity at the reference conditions to which the
state and wave diagrams are referred.
For cell emptying
e = q
Qas 0(05 4.4_8
Gl i oG
= 4 o408
Qos Kog
where: ) =W X = & Koo = Cos 4.,4-10
O rer Arer Aper
and Qpe = sonic velocity at static pressure Ps after isentropic

expansion, or compression, from cycle inlet conditions.

As a consequence of the asgumptions 4.4.2,(3)%(4), <z and X ,s are
constant in an inlet or outlet port respectively.

The L.H, sides of equations 4.4-5, 4.,4—6, 4.4-8 and 4,4-9 are the
dimensionless coordinates of Jenny's boundary curves. Use of equations
4445 to 4.,4-10 inclusive allows Jenny's Fiz.23 to be used as boundary curves
for wave diagrams constructed with any Qgep,

Jenny's boundary equations are, for the sake of completeness, listed in
Appendix V Part 1. Figel5.5-2 is a scaling diapgram suitable for linking
a lattice state diagram, such as that by Spalding (17), with Jenny's boundary

Curvese

Step (3)

Isentropic relationships were established between conditions in the cell
ends and the steady flow assumed to occur in the ducts of the machine.

The relations take into account the effects of the thickness of the cell

partitions,
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7

The results were obtained from apnlication of the 1lst law, energy and
continuity eguations to fluid leaving the cells under non-steady flow
conditions and flowing steadily in the ports and ducts. The relationship

for a £illing process is:

ik o
o 2D
M = K<I 4—(%24 v _Z{E;%gifiit
+1 ’
2. ¥H

- | +=1)M M. (T
M Kl+%ﬂM§ wGﬁ) 4,4-12

Tn both cases M is the duct steadyv-flow liach number. K is the Pro-—

4.4-11

Fofcmlﬂ.emptying:

jected free flow area through the cells communicating with a port, divided
by the port area; K is therefore a parameter dependent on cell partition

thickness. Equations 4.4-11 and 4.4-12 are derived in Appendix V Part II,

Step (4):

A theory already existed (18) for predicting the effect of leakags
in pressure—exchangers having large lands or blank regions between sets
of ports. In that theory no speciél consideration was gziven to leakage
occuring around the edges of the ports, etc. This was justifiable as the
porfs were considered to occupy a relatively small proportion of the total
stator end face area.

In pressure—exchangers of the types being considered here most of the
area of the stator end faces is occupied with ports to ensure the greatest
possible throughput for a given size of machine. A theory has therefore
been developed for predicting the effects of leakage occuring in the
vioinity of the ports of pressure—exchangers. The new theory used in

conjunction with the earlier method should 2llow leakage to be fairly fully

studied in all conceivable designs of orthodox machines.

The theory to be outlined here involves the creation of a simplified

4
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leakage model of the cycle being studiede The first of the following
sketches, Fiz.4.4-3, purports to illustrate the real lealage situation
in either a pressure exchaiger divider or egualiser. Fir.4.4—4 shows

the simplified leakagre model for these cyeles.

(1,3,5) MEEESE _cAKAGE FROM/TO PORTS To/FROM
LEAKAGE SINK (RADIAL)

(2. ¢) LERKAGE FROM/TO CELLS To/FRoM
- LERKAGE SINK (RADIAL)

(a10f) —= LEAKAGE FROM CELLS/PORTS TO
PORTS /CELLS (CRCUMFERENTIAL)

Fi.f‘. ‘A{‘.ﬂt—g).
T et e A A S s

The leakaze model corresponding to the situation in the foregoing

sketch is:

T T YR DT

B, The numbef and letter code corresponds to that shown on the

diarram of the real situation.
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The dotted boundary in the second sketch marks the perimeter of the
region within which wave diagram caleculations were applied. The leakage
model has been so arranged that all leakage flows pass around the outside
of the dotted boundary.
The assumptions made to simplify the leakare computations based on the
model were:
(1) for the purposes of computing lealmge quantities the ocell
pressurss adjacent to the blanked-off parts of the endplates
vwere taken to have the uniform value R .

(2) the duct static pressure distributions in the vicinity of the leaks
in the HP, MP and LP ducts wers assumed to be uniform. Leakage
was taken to be a function of the static pressure ratio across
a leakage channel.

(3) flows in the leakage channels were assumed to be intrinsiecally
isentropic, viscosity and vena—contracta effects being allowed
for by the use of suitéble flow coefficients, Justification
for this approach is given by Kearton & Keh (10).

Because leakage effects were relatively small compared with
wave effects, the approximationé inherent in the leakage model, and in the
list of simplifying assumptions, were not deemed likely to introduce serious
error into the overall performance predictions. An indication of the
difficulties in making accurate lsakapge predittions with more simple
geometries than those considered hers is given by Zabriskie & Stermlizht (22).

The leakapge effects were considered to modify the performance predicted

without taking lealmge into account in two wayse.

(I) Due to the nett leakarge into (or out of) the cells between

/
adjacent wave cycles, the ratio E/ﬁ; , normally set to unity
<
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when interpolating from wave diagrams, had in general a
value slightly different to unity. This was determined from
the requirement that the cell pressures at the commencement of
each cycle were identical when leakage was allowed fore
(I1) Due to leakapge from the ducts into the leakare sink, and between
duots and cells, the mass flows and mass ratio were not in
general the same as those predicted without taking account of
leakage.
R |
The value of '©f  is computed from
1 25 2!
X< L& [7-”& L (R 15 Gt —
\/X-lL\PL R A n¥ 2

4A-13

The ratio of the sum of the mass flows leaking into a duct divided by

the mass flow carried in the cells is given by:

B (O e ) D0 AR
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Data for the modification of leak-ree wave diagram calculations were

obtained from fresh interpolation procedures to suit the new values 01‘7515.
Alternatively finite difference methods may be used, but these appsar to
offer no special advantazes, Derivations of equations 4.,4-13 and 4.4714
are given in Appendix V Part 117, together with details of the application

of the leakage theory to divider and egualiser cycles.

Sten (5)

Viscous effects, those arising from cell wall friction and cell entry
and exit losses, wore taken into account by an approximate procedure. The
method was designed to be applied as a correction to characteristic

caleculations already modified to allow for leakace. The justification for

this technique and its inherent approximations lay in the comparative
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insignificance of frictional effects over the range of pressure ratios
for which characteristic calculations were made.

The method, which uses steady flow friction data, involved the
following procedure.

(I) The evaluation, with the aid of a suitable reference source (19)
of the steady flow pressure loss due to wall friction in one cell

length.

(11) Obtainment, from a suitable reference (20) of the steady flow
pressure losses at cell entry and exit. .

(ITI) The addition of half the wall friction loss (I) to either cell
entry or cell exit losses, the results were expressed as mltiples
of the dymamic head corresponding to the flow velocity in the
cells,

(IV) Frictional effects were talen into account by increasing inlet,
and decreasing outlet total head pressures by the appropriate
amounts specified in (ITI).

The factor of one half mentioned in (III) is to take account of the
division of the flow losses between an inlet and an outlet port during a
gcavenging processe For simple cell filling and emptying processes the
"half" allows for the average position of the wave fronts, and hence veloeity
fronts, lying half way along the length of a cell,

The forecoing procedure is an attempt to establish a2 simrle way of
approximating the real circumstances; the method has the wirtue of being
very eagy to applv. A model of the viscosity corrediion procedure applied
to a divider is shown in Fiz.4.4-5; the fictitious throttles in the inlets

and outlets accommodate the pressure losses associated with cell wall friction,

entry and exit losses.
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A derivation of the equatio%s used in the application of the method

to dividers and equalisers is given in Appendix V Part IV, More

sophisticated and more laborious ways of taking viscous effects into

acecount are given in references (¢) (11) and (12).

4.,4.,4 Calculation Procedure

The application of the method of characteristics to satisfy the

objectives specified in section 4.4.1 involved carrying out the following

procedures.

(1)

L "learning" process using, for the sake of sirplicity, infinitely
narrow oell ;haracteristic caleulations. The caloulations were
intended to establish general rules to indicate at what points
in the cyele the divider HP and LP outlets and equaliser MP outlet
and LP inlet should be opened and closed for best performance.
The conclusions were that in all cases the ports should be opened
as soon asg possible, and closed asilate as possible, consistent
with the avoidance of flow reversal.

The maximum period for which divider MP and equaliser HP inlets

were permitted to remain open was governed by wave events. No

study was made of the effects of closing these ports earlier or

later than dietated by the arrivai of reflected waves,



(2)

(3)

(4)

(5)

(6)

51,
The construction of optimum performance characteristics on
the PHVPM , Vversus P'-O/{Mo planes from wave diagrams drawn
for machines with infinitely narrow cells. Fig.1l2.1—4 shows the
divider results, Fiz.l2.1-12 the equzliser performance.
Construction of optimum performance characteristics on the
H‘%Mo versus ?%m planes from wave diagrams drawn for
finite cell widths, but omitting friction and lealage effects.
Piz,12.1-5 and Fig.12.1-13 show the divider and equaliser
performances respectively.
Construction, from the basgis of the wave diagrams referred to in
(3], of optimm performance characteristics on the P%o
Versus P"%m plane taking account of leakage, but omitting
viscosity effectss Fig.l2.1-6 shows the divider performance,
FigelZ2.1~-14 the egualiser results.
Modification of the optimum performance characteri_stics referred
to in (4) to take account of cell wall-friction, entry and exit
losses, The modified performance characteristies for dividers
and equalisers are shown on Fip.12.1-7 and Fig.12.,1-15
respectively.
The construction of contours of constant port geometry, on the
P"%Mo versus ‘R'O/PM 5 planes for the performance curves shown
on Fig,12,1-7 and Fig,12.1-15. The geometry contours for
dividers are displayed on Fig.12.1-8, and for egualisers on
Figel2,1-16; it may be noticed that cell width is not constant
on either figure. This is because the wave diegrams were, for

convenisnce, constructed with Oy as the reference sonic

velocity for both divider and equaliser with
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33§§5ﬂ=c~4 in both cases. lodification of the results to

suit Qg and Qyp as the respective divider and equaliser

reference states led to the geometries illustrated.

A specially made device designed to assist with the construction of
wave diagrams is illustrated in Fig.13-1; it allowed some of the more tedious
operations involved in the construction of wave diagrams to be eliminated.
In sssence the machine enabled a line of known tangent to be dravm on a

wave diagram without reeourss to the counting of squares, etc.
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5. APPARATUS

5.1 SPECIFICATION FOR A SUITABLE TEST RiG:

In section 3.1 it was explained that knowlédge of the performance of a
divider or equaliser of specified geometry implied knowledge of the rotor
speed and of the pressure, temperature, mass—flow and physical properties of
fluid passing through the high, medium and low pressure ports. Accordingly
the provision of facilities to be incorporated in a rig for experimentally
determining the performance of single ended pressure—exchanger dividers or
equalisers should arrange for the following features.

(a) Provision of & pressure—exchanger with suitably arranged perts in
which rotor speed and also the relative width of all ports ecan be
varied easilv, In addition means should ideally be provided for
varying the relative phasing of the sets of ports on opposite ends

of the stétor.

(b) Provision of instrumentation for allowing measurements to be made
of the mass-flows, pressures, temperaturos and also physical
properties, if these are not otherwise known, of the fluids passing

through the high, medium and low pressure ports.

(¢) Provision of suitable resevoirs of high, medium and low pressure
fluid connected to the pressure—exchanger, and means for varying
the relative pressures in the resevdirs.

(d) Provision of a facility to allow the function of the rig to be

readily changed from divider to equaliser or vice-versa.

5.2 DESCRIPTION OF THE POYER JETS MACHINE

The pressure—exchanpger used for the experiments was designed by the

sponsors of the project, Power Jets (Research & Development) Ltd., and wes
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specially conceived for tests on single ended divider and equaliser cycles.
The design centred around a rotor of orthodox pressure—exchanger type;
this item was identical to those used in some other Power Jets pressure-
exchanger rigse Ths rotor, which contained thirty axially disposed cells,
was 11 inches in length and 8 inches overall diameter, Provision was made
to allow for relative angular movement of the stator end faces, and also
for altering the relative poft siies by means of built-in variable width
ducts at one end of the machine and by changeable end plates at the other.
The rotor was driven at a nominal specd of 6000 RPM by a veriable speed
d.c. motor via a toothed belt drive and cowmtershaft; <the electric drive
ensured that the operator was always in conirol of rotor speed.

In order to make best use of the stator end plates three complete sets
of high, medium and low pressure ports were provided; six ports wers
situated at one end of the machine, the remaining three at the opposite end .

Fir,13-2, a close—up photozraph of the pressure—exchanger, illustrates some
of the deseribed features. &

From the foregoing desecription it can be seen that the Power Jets
presgure—exchanger fulfils the recuirements set out in (a) of 5.1, The
following sections seek to describe the attendant equipment accompanying
the pressure—exchanger, and to show that the rig as a whole satisfied all the

bagic requirements laid down in S.l.

5,3 GENERAL ARRANGELENT OF THE RIG.

The pressure—exchanger described in 5.2 was incorporated in a rig, a
photograph of which constitutes Figz.13-3. The pressure—exchanger occupies
the lower central part of the picture; the main instrumentation panel can

by seen attached to the wall behind the rig. Some of the ducts for leading



55.
the working fluid, air, to and from the machine are also visible. The
rig oircuits are shown in diagrammétic form on Figr.13-4.

From an examination of Fig,13—4 it is aprarent that by confiming tests
to a divider arrangement of the type shown in Fig.2.4-1 and a egualiser set-
up similar to that shown in Fig.2.4—4, the same rig could easily be made to
function as a divider or as an egualiser. The only structural change
needed to convert from divider to equaliger operation being replacement of
the divider low pressure outlet duct by a low pressure meterinz intake drawing
air from the surroundings.

Compressed air driving fluid, at aprroximately ambient temperature, for
both divider and equaliser operation is supplied by the City and Guilds
Colleze compressor plant; +the maximum output being approximately 4 LB/ sec.

at pressures up to 5 atmospheres absolute.

5¢3.1 Mechanical Construction s

The rig's pressuriged duct work was mads from 6" diameter steam-pipe,
the remaining ducts were constructed from light weight tubing of the same
diameter. The throttle on the compressed air supply line and also the back
pressure control on the divider high pressure outlet (equaliser medium
pressure outlet) were 6" bore gate valves.

To prevent straining the pressure—exchanger ;all duct work was flexibly
connected to the machine by rubber—canvas sleeves. Separation of the
‘Pressurized flexible joints Qas preyentod by tie-bars.

The upper face of a welded steel frame of channel and angle sections
formed a support for the pressure—exchanger. The rotor driving motor

we.s mounted inside the lower part of the frame-work.

54342 Special Features:
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A removable conical mesh type filter was fitted in the compressed
air supply duct, as close to the pressure—exchanger &s possible, in
order to prevent particles of rust, etc. which bscame detached from the
internal surface of the compressed air supply system, finding their
way into the machine. This item was added to the original insgtallation
in the light of running experience.

A device, specially conceived by Power Jets for the parfioular
rig described here, was a rotatable collecting duct. The duect allowed
the three separate gtreams discharged from the movable stator end plate
to be gathered together and passed into a single rigid outlet pipe.

The axis of the rotatable portion was coincident with the axis of the
pressure—exchanger rotor, and was so designed that rephasing of the
pressﬁre-exchanger ports could be carrigd out whilst the rig was
operating. The fixed portion of the collector duct also served as

a support for the bearingé of a countershaft coaxial with the rotor,

and forming part of the transmission system connecting the rotor with
the driving motor further down in the frame. Tﬁe collector duct appears

on the lower right hand portion of Fig,13-3.

5.4 INSTRUMEHTATION

544.1s Brief Descripntion Of The Arrangement:

In essence the instrumentation, which was complete for only one
of the three sets of ports in the pressure—exchanger, comprised the
following:

(a) An orifice meter for recording the compressed air mass flow

entering the rig.

(b) An orifice meter in the divider low pressure outlet duct, and

for‘equaliser operation, & bell mouth air meter on the low



(c)

(a}

(e)

o
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(n)
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pressure intake,

Temperature measurement in all ducts, except the equaliser
low pressure intake, by mercury - in - glass thermometers in
stagration sheaths. The equaliser low pressure flow
stagnation temperature was measured in the surroundings near
the intake by a mercury — in - glass thermometer.

lHeasurement of the mean static pressures in the high, medium
and low pressure ports of the machine by a special type of
averaging manometer. This desigmn of instrument is described
more fully in 5.4.3.

Removable yaw-meter pitot tubes for installation in any of the
tapnings in the high, medium and low pressure ports.

Symmetry devices to ensure that flow conditions were similar
in ports of the same kind in each of the three sets of ports
with which the pressure—exchanger was endowed.

Facilities for recording the pressures in cells passing one
of the blanked-off portions of the movable stator end plate.
Ingtrument panels mounting all manometers and pressure

gauges connected to the various meters, tappings, etc. referred

to in the foregoing list.

Some of the preceding items were only feasible because the pressure—

exchanger was equipped with numerous connections in all ports and in

the blanked—off regions of the movable stator end plate; The machine

was also fitted with graduated scales allowing the port phasing and

width of the variable ducts to be readily deduced.

5.4.2 Constructional Features

A1l tubing comnecting tappings and manometers etc. was of the
13
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transparent plastic kind with the exception of short lengths of
neoprene tubing in places where pinch cocks were used. The
transparent plastic tubing had the advantages of beinz durable and easy
to install; it also per?itted inspection of the inside of the tubing
to ensure that condensation, etc, had not accumulated therein.

A necegsary precaution when using thermo—plastic tubing is to ensure

that it does not become heated; as a safepuard to prevent heat
conduction from the presgsure—exchanger softening the plastic, the
pressure picl—ups have been arranged to serve as thermal insulators.
This has been achieved by constructing the connectors in such a way
that a few inches of steel tube are interposed between the plastic tube
and pressurs-exchanger casing.

In order to prevent fluid discharged by aecidental over—pressurisation
of the manometers from fouling the lines, etc, traps were fitted to all
manometers which seemed likely to suffer in this way.

In an effort to prevent the ocourance of manometer over—pressurisation
particularly likely whilst starting and stopping the plant, some
manometers are equipped with short eircuiting devices. These consist
of short lengths of neoprene tubing connecting the topos of the two
limbs of each manometer. For normal use of the manometers the neoprene
tubes are closed-off by pinch cocks; the pinch cocks are slackened

when starting and stopping the plant.

Deded Averaging Nanometers:
o &

Because of the general non-uniformity of total head pressure in the
ports of the pressure—exchanger, an experimental procedurs was adopted
which invelved measurement of static pressures in the portse It was

found that the static pressures were themselves not uniform across the



width of each port; in order to minimize effects arising from this
special avereging menometers were developed. llore detailed justifiication
for the experiméntal technigue involving static pressure msasurements,
also an explanation of the observed static pressure gradients appears
in section 7.l.3.

A diagrammatic illustration of an averaging manometer appears in
Appendix VII together with a proof that such instruments do work.

Three averagings manometers were used on the pressure—exchanger rig
for recording static pressures in the high, medium and low pressure ports.
Fach menometer was designed to record an arithmetic average pressure and
was equipped with three stand pipes. The manometers were provided with
adjustable graduated scales so arranged that absolute pressures could be
read from them.

The author believes that averaging menometers of the kind described

in Appendix VII are original,

5.5 SUMMARY OF THE CONSTRUCTIONAL VORK:

The entire rig including the instrumentation, but with the notable
exception of the pressure—exchanger and collector duct mounted on their
supporting frame containing the driving motor, was designed, or
desisned and manufactured at Imperial College, Contractors handled
the assembly of the heavy 6" duet work, and the wirinp-up of the driving

motor.
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6. OUTLINE OF EXPERIMENTAL PROCEDURE

6,1 DIVIDER TESTS: A

Most of the divider tests were aimed at establishing the
performance characteristics, at fixed geometry, for presentation on the
lﬂfyfgo - 3§f;° plane.

Because of the use of averaging manometers,directly recording
absolute static éressures in the ports, it was found convenient to gather

data whilst keeping one of the port static pressure ratios constant.

and allowing the others to vary over the maximum possible range.
Purely for ease of operation of the rig it was found to be best to
maintain ﬁazﬁ; constant. To enable complete performance character—
1stio§ to be plotted experimental dat® were obtained for several discrete
values of an; » thereby covering the greatest possible range of
performance,

The whole experimental procedure can be visvalized more easily
by examining some of the performance characteristics deduced from the
experiments,Fig.12.2-1.to 5,and by imaéini:g the ordinates and
abscissae to be static rather than total head pressure ratios; indeed
this is only a moderate distortion of the truth since the Mach numbers
a fairly lows It can be seen that for a specified value of %
~ the whole accessible performance range can be covered by varying g;fg
between unity and an Jpper limi% govcrned by the location of the B=0
curve, By taking other sufficiently low values of 374%1 a situation
will arise in which the maximum value of %pr is limited not by theSB=0
curve, but by the quantity of driving fluid aveilable. This and other

performance limitations are discussed in more detail in section 7.
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The information gathered from the divider tests was processsd on
the University of London Mercury digital computer.

A few more specialised tests were carried out which departed from
the foregoing procedure. These experiments were mostly concerned with
investigating flow in the ports of the machine, etecs Details of the
methods used are not described as the tests involved orthodox steady

flow experimental technigues.

6.2 EQUALISER TESTS

Ag for the @ivider tests, the majority of experiments were devoted
to the establishment of pefformance characteristies with a fixed
geometrye.

The general procedure adopted for the divider experiments,maintdining
one of the port static pressure ratios comstant whilst allowing the
others to vary, was used for the eqﬁaliser testse In this case it was
found most convenient to work with parameters of constant overall
pressure ratio ﬁyﬁi whilst varying the other ratios,,ﬁ}/ﬁn and TEﬁﬁ;
accordinglye.

For all observations, except those with zero low pressure flow,
the high and medium pressure stream were adjusted by means of the gate
valves provided, the low pressure channel remaining un—impeded. For
the limiting case of zero low pressﬁre flow, the low pressure intéke
wes blanked—off by means of a dismountable air-tight cover plate. This
technique avoided the disadvantages inherent with the incorporation of
a throttle valve in the low pressure inlet duet, but at the same time
permitted positive cutting—off of the low pressure flow.

Apain as for the divider tests, experimental data was processed
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on the University of London digital computer.
Some of the more significant fixed geometry equaliser performance
characterisgics deduced from the experiments are shown in Fig.12.2-16
to 21s Factors affecting the range of the experiments are disoussed

in the next section.
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7. LIMITATIONS OF THE EXPERIMENTS

7.1 PERFORMANCE LIMITATIONS OF THE RIG

In this section an explanatioﬁ is given for the major factors
limiting the performance of the rir. Reasons for the particular shapes
of the performance characteristics obtained from the experiments are

given in sections '8/ and (9!,

T7.1lel Limitations Dne To Restricted Mass Flow:

Mention has already been made in section 6.1 of the effect on the
divider experiments of the limited quantity of compressed air available,
Examination of the divider performance characteristics plotted on the
P%}fLO o %ﬁf&o plane, for example Fir.12.2-1 to 12.2-5, reveal
that the lesser valued constarﬁ:/g curves terminate at their left hand
ends in the.approximate neizhbourhood of the 1line denoting that the
axial component of the medinm pressure inlet Mach number My, is equal
to 0.3. Bearing in mind that for constant F%o » Imo and rotor speed,
lines of constant My, are also lines of constant input mass flow,
the significance of the ends of the /9 characteristics lying roughly
parallel to curves of constant My becomes more clear.

In practice, because of the low pressure exhaust arrangements of
the rig, FLO never rises very much above a pressure of 1 atmosphere
absolute. This means that, in the experimental apparatus, & reduction
of qjyﬁLo is therefore largely obtained by increasing Pyo . Hence
when BAM==O.3 corresponds to approximately the maximum compressed air
output close to the /3:= 0 characteristic, then it will not be possible

to achieve My= 0.3 at lower values of Puo/ﬁm because there will be in-

sufficient compressed air to boost Rﬂo to the reguired value. The
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experimentally observed facts do indeed square with the foregoing
explanation.

In the case of the egualiser experiments mass flow limitations
are most easily explained if it is remembered that, because the low
pressure stream is fed by the atmosphere, F{o is a sensibly constant
pressure. Thus horizontal lines on the experimental performance
characteristics FifF.12.2-16 to 12.2-21 are lines of approximately constant
FLO :F%o being equal to 1 atmosphere when Féyfao is unity. Hence
Fho inoreases from left to right along constant EEyé;o lihes. A
reduction of PLOAO for constant R*%Mo also means that Pyp must
increase because B, is nearly constant.

Hoting the location of the constant 54“ curves, and rememberinz Tyo
is approximately oconstant, it can be seen that the flow velocity through
the HP ports increases as th/ﬁ;o is reduced whilst maintaining constant

Fh34€“o « Continuity considerations indicate therefore that the
maximum available compressor mass flow should lead to 2 truncation of
the constant § characteristics on a curve rising from left to right,
intersecting the S =0 characteristic and the PL% =] axis at its

Mo
extremities.

Experimental evidence shows that the forezoing considerations only

partially account for the form of the possible operating rezime of the

- equaliser; other factors are explained in the next sub-section.

7.1.2 Limitetions Due to Pressure Losses In Ducts

The effects of pressure losses in the duct-work on the divider
experiments were:
(a) +to increase Ry to a value greater than the pressure in the

low pressure sink; ‘this effect was aggravated by the presence
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of an orifice meter in the low pressure line.

(b) +to prevent the introduction of a scheme intended to increase
the operating range by recirculating high pressure fluid back
into the medium pressure supply duct.

Pressure losses in the high pressure duct were of no real
significance becauvse this duct was throttled over the range of test
conditions of greatest practical interest.

For egualiser operation pressure losses in the medium pressure outlet

duct were of considerable importance when working with thfﬁqo fairly
close to unity, the medium pressure throttle valve then being wide open.
Under these circumstances the closeness with which the operating regime
could approach F;;4%m= 1 was indeed governed by the losses in the
medium pressure duct and also, to a mueh lesser extent, bv the pressure
losses in the short low pressure intake.

The following diagram, Fig.7.1-1, presents a gualitatiwe picture
of the performance limitations imposed by the factors descriﬁed in this
and the preceding sub—sections. The rerions explorable in the

experiments are shown cross-hatched:

EFFECT OF
PRESSURE L0SS
IN DUCTS

MAXIMUM MASS FLowW
BOUNDARY —NO
PRESSURE LOSSES IN
DUCTS ;

MAXIMUM MASS FLw
BOUNDARY —DUCT -
PRESSURE LOSSES
TAKEN INTO ACCOUN

MAXIMUM MASS FLOW

«Pl.!)/PMo ROUNDARY
DIVIDER EQUALISER

Fige 7.1-1
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It may appnear that the pressure loss restrictions on the
performance of the rig could have been relaxed by fitting larger duct-
work and venturi-meters in place of orifice, etc. The €" ducts used
on the rig were, however, about the largest permissable within the

compass of space and cost limitations.

7e1e3 Effects Arising From Asymmetrie Flow In Ports

During some of the early preliminary tests circumferential pressure
gradients were discovered in the ports of the machine. Experiments
showed that these gradients could account for differences of 10% or so
in the magnitudes of the absolute static pressures on the opposite sides
of a port. Fip.15.6-1 shows the static pressure gradients recorded
during a test conducted on the divider arrangement,

From Fig.15.6-1 it can be seen that the effects of the static
pressurs gradients could not justifiably be regarded as insignificant
compared with the pressure ratios over which the machine worked. Pitot
traverses to obtain the total head pressure distributions found undulating

profiles superimposed on the backsround set by the smoother static
pressure distributions. It was noted that non-uniform total head
distributions prevailed in inlet as well as outlet ports.

A theoretical and experimental study of the causes of the pressure
distributions in the ports indicated that the static pressure gradients
were in large measure due to small or non—existant fairing surfaces on
the port wells. Larger fairing surfaces would serve to guide fluid
smoothly into or out of the cells. Such surfaces would | . only be
correct for one set of pas velocities at any particular rotational speed.

Fairing surfaces were mostly omitted from the original design of the Power

Jets machine because they would have added considerable complexity to the
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variable width ducts. The special study of pressure—exchanger port
flow is summarised in Appendix VI; a by-product of the inwvestigation
was the development of a theoretical method for the design of pressure-
exchanger ducts.

Due to the rather complicated geometry arising from the incorporation

of variable norts, etc. it was not practical to take representative

single point pressure measurements well away from the ports. Such
a procedure would have involved estimation of the pressurs losses under
all operating conditions in the channels between the ports and the
pressure measuring stations. It was therefore decided that the relevent
pressure measursments should be mdde in the ports of the machine,

Since total head profiles could in principle be subject to "sudden
jumps" or discontinuities due, for instance, to shock or expansion
waves running out of the cells and into the ports, it was decided to
base all port pressure measurements on assessment of static pressures.
Static pressure profiles should at least be continuous across each port;
this was indeed confirmed by experiment as can be seen from Fir.15. 6-l.

To make the performance of the machine meaningful it was necessary
to quote only one total head (or corresponding static) pressure in each
kind of port. Accordingly the special averaging manometers, the principle
of which is described in Appendix VII, wefe constructed in order to
determine the arithmetic average static pressure in each type of port.
The average static pressures, together with the mass flows passing
through the ports of known area, were used to deduce corresponding total
head pressurés. Justification for this procedure is given in Appendix

VIII.
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7.2 LIKTIATIONS ARISING FROM SHORTAGE OF TIME:

Due to the limited time available for the experimental work the
range of machine variables investigated was somewhat small.
Descriptions of the regimes of machine variables, defining machine
geometry and rotor speed, is given for dividers and equalisers in 7.2.1

and 7.2.2 respectively.

7.2.1 Rancre of Machine Variables For Divider Tests:

The desizn of the Power Jets machine was such that the phasing of the
. HP outlet relative to the P and LP ports, HP, ¥P and LP port widths,
and rotor speed could all be regarded as machine variables. In
practice a change of HP port width requires partial rebuilding of the
machine and therefore was the least frequently chamsed machine variable.

For the tests described in this report there was indeed no time to
carry out tests with more than one particular value of HP port width,
namely 48° . Because of the desigm of the machine, the sum of the
1P plus LP port widths was always constant at 90°. Deleting HP port
width from the list of mechine variables, and bearing in mind that the
MP and LP port widths are interdependent, the effective number of
independent machine variables was reduced to three: port phasing,

MP or LP port width and rotor speed.

A complete set of tests was carried out at one speed for various
.combinations of port phasing and relative port widths, each test deter-
mining machine performance on the Rfyﬁ;o - Rjyfno planes A second
set of tests was undertaken over a range of speeds for a fixed zeometry.

A diapgrarmatic interpretation of the range of machine variables studies

is given in Fig.7.2-1,
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PLANE OF CONSTANT SPEED
VARIABLE GEOMETRY TESTS

MINIMUM

A MAXIMUM

SPEED

ROTo
sPeen

Fi..‘:l702—1

7e2+2 Range of Machine Variables For Equaliser Tests

Remembering that the interchange of the functions of various
ports between divider and egualiser operation is as indicated on Fig.2.4-1
and 2.4—4, the relevant machine variables for the equaliser tests werse
port phasing, the width of the HP or LP inlet, and rotor speed; the
width of the medium pressure outlet port was maintained constant through-
out the series of tests.s The general patternm of the tests was similar
to that already described for the divider case. The range of machine

n

variables investigated is illustrated in diagrammatic form in Fig.7.2-2.

PLANE OF LOW SPEED TESTS
PLANE OF HIGH SPEED TESTS

Fire Te2—2
e e e st s

7.3 ACCURACY OF EXPSRIMENTAL RESULTS:

The accuracy with which the experimental results reprssented the

true performance of the pressure—exchanger can, for convenience, be

considered as a function of three factors.



(b)

(e)

The accuracy witﬁ which the machine variables were known.

The accuracy with which the experimental readings repfesented
the true conditions ingide the machine.

The overall effect on (b) of the data processing procedures

leading to the final eraphical performance presentations.

Making = senarate study of (a}, (b) and (c):

(a)

()

The three independent machine variables should be knowm

to within the following approximate limits:

variable width port: 0.25%
port phasing: 0.5%
rotor speed: 0.5%

The first two items ars based on a total angular error of
ebout 0.1° degree in each case, The assessment of the speed
measurement accuracy is qudtad from data supplied by the
tachometer manufacturer.

The accuracy of the flow measuring devices was derived from
British Standard data (4). The accuracy of the interpreted
mass flow and pressure measurements was obtained by making
allowances for instrument and other errors. The accuracy

of the mass and pressure retios, etc. was obtained by appli-
cation of probability theory (21).

The table shows the results of the error analysis:
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APPROXINATE
MAGNITUDE
OF ERROR

MAXTMUM OR
MOST PROBABLE
- ERROR

Hass flow measuring devices.

Interpreted lMass flows.

HMeasurement of absoluts pressure in ports.

Ratios of total head pressures in ports.

Divider mass ratio.

Equaliser enthalpy ratio.

+1.1 to 1.7%

RS

+ 240

%

* 2o

t 3,0%
6B % 0.04 :

+ 4,0%

'Hogtiprobable

liost probable

sty

ﬁ%#§ium

oG

1 ]

(e)

Then B or § are zero the tabulated errors for these quantities

cease to apply because the AB=0 and 8 =0 characteristics were

located by pressure measurements only.

Because an slectronic digital compuber, working intermally to

the eguivalent of eight places of decimals, was used to process

the experimental dats, the calculation processes appeared to

introduce no noticeable random errorse.

An intermediate graphical procedure,used to enable the computed

experimental points to be presented in the required form,allowed

a smoothing process to be introduced.

The random errors detailed

in (b) should therefore emerm with reduced effect on the final

performance presentations.
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B NALYSIS OF RXFPuRIMENTAL RESULTS

8.1 INTRODUCTION:

The aim of this section is to describe the presentation of the
experimental results and to indicat® the main points of interest; in
short to give the reader a general picture of the experimental findingse.
Section 9, a comparison of experimental and theoretical performance
characteristics, includes explanations of various features better under—
stood when the experimental results are studied in conjunction with the
theoretical nerformance analyses.

The section ié divided into two; +the first part deals with
experiments conducted on the divider arrangement, the second portion
covers the experiments on the egualiser cycle.

In order to gesneralise the experimental results and to assist their
comparison with theoretical performance predictions, rotor spesd, port
widths, phasing angles, etc. have been expressed in dimensionless units.
The dimensioned forms directly annlicable to the Power Jets machine are
also displaved on the presentations of the experimental performance
results,

Because the divider MP and equaliser HP inlet stagnation temperatures
were maintained at a unique value (iTSﬂ) throughout the whole series of
experiments, it was therefore convenient to use that temperature as
the basis for the (constant) reference sonic velocity in the dimensionless
forms for robor speed and port geomstrv. Dimensionless rotor speed,
hARo » is defined by:

M { Where ; OQrer = Qmp for dividers
RO = Clnar %
Qgegr = Qno for equalisers

NB. for all experiments QR Oyo=s 1155 ft/sec.
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Port widths, phasing angle, cell width, etoc. are expressed in terms

of dimensionless time T - AT value of unity is the dimensionless
time taken for an acoustic wave to travel the length of a cell at the
stagnation sonic velocity Ogge » i port width in terms of ‘T is
therefore the dimensionless time reguired for a point on the rotor to
pass the port opening; this is clearly a function of rotor specd.
Another consequence of the constancy of the reference temperature was
that dimensioned speed ( N Rev. £, ) could be used as a performance

parameter instead of the t%ffn form.

8.2 DIVIDER

Because each test was carried out with a fixed gzeometry and at a

constant speed, each set of results was plotted on the Rgpﬁ: versus
MO

FiD-P plane, Pictures of the effects on performance of changes of

MO
goometry or spesd were therefore obtained by cross-nlotting from the
Fho versus RJ’P presentations.

Mo Mo

An attempt was made to establish the optimum performance of the
machine working as a pressure booster. The evidence presented here, in
conjunction with conclusions drawn from a less exact performance
exploration over a largzer regime, convinced the author that the quoted
experimental results encompassed the optimum pressure boosting performance
The cooling eycle performance was determined for the specds, and some of
the ceometries, stnudied in the pressure boosting performance investigetion.

The effects of changes of geometry and changes of speed on the

experimental results are discussed separately. Pressure boosting and

cooling cycle functions are also dealt with under separate sub-headings .
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8.2.1 Effect of Port Ceometrv On Pressure—Boosting Performance

The effect of changes of ’lJ¢ on performance when port width
ratio and rotor speed were maintained constant is showm in Fiy.12.2-6
and 12.2-7. The criterion of merit on the diagrams, which were each
drawn for a specified overall pressure ratio Pﬂyﬁa » is the
maximum PHo/ﬁwo attainable vrith a given value of /B = It is there-—
fore clear that the best performance was obtained with "ll =’T'._ = 1.97
The optimum phasing showed a tendenoy to decrease as R‘%\.a was
increased, optimum ’]/93 being about 0.94 when R‘%w= 1.3, and 04,84
when Puyﬁ_o= l.6. A tendency for ,]J¢ to increase as B decreased
was also slightly in evidence. The absence of any great sensistivity
in the effect on performance of small changes in either port widths
or rhasing is noteworthy.

Figel2.2-1, 2, 3 show fixed geometrv performance characteristics,
for MR0= 0,147, with medium and low pressure port widths of 'Y = ’1’ =
1 o5 Fig, 12.2-2, 3 show the divider cycle verformances at the

extremitiesit the Tm = 1.57 curvesin Fig.12.2-6, 7. Fip.12.2-1 shows
the best (fixed geometry) divider pressure booster performance obtained
from the experiments; therphasinc ’r¢ = 0.84, Fig.12.2-1 has, in
addition to the usual contours of B , My, and 2515 , lines of

constant isentropic product ef{‘iciency ’st « These were evaluated

 from equation 15.2-0 of Appendix IT.

8.2.2 Effect of Rotor Speed On Pressure-Boosting Performance .
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Fiz,12.2-8 and 12.2-8 present, over a range of rotor speeds, the
pressure boosting performance of the machine at what was found to be the
optinitfun (dimensioned) geometry at Mge=0.147 (8000 rev/min), i.e.
phasing angle = 24°, MP = LP port width = 45°, HP port width = 48°.
Because port widths, etc. expressed in terms of dimensionless time
are directly proportional to the angle subtended, and inversely pro-—
portional to rotor speed; the dimensionless geometry applicable to
Fig.l2.2-8 and 12.2-9 is not independent of rotor speed: curves of
dimensionless geometrical properti‘es are superimposed on Fig,12.2-8

From the curves on Figel2.2-8, 9 it can be seen that the performance
alters but little between Mro=0.135 and MM=O.147, and worsens
as the speed is raised above or reduced below these limits.

At MR°= 0,098 the performance has depreciated to such an extent
that the pressure rise, for a given value of B , was only about half
that obtained when Mgo=0.147. This point is clarifisd by comparing

Fige12.2—4, the performance on the Pﬂyﬁm versus P‘% plane at

MO
Mpo=0.0978, with Fiz.12.2-1. Fig.12.2-5 shows the results of a test
conducted at Mgg0.1591, the maximum speed attainable from the Power

Jets machine working as a pressure—exchanger divider. The absence of

sharp peaks on any of the curves displayed on Fig.l2.2-8, 9 is worthy of

notese.

8.2.3 Effect Of Port Geametry On Cooling Cvycle Performance

Figel242-13 shows, for Mk°=0.147, the dimensionless temperature
drop ® of the low pressure streamyagainst phasing "T'¢ , for the range
of port widths and phasings studied in the pressure boosting performance

investigations. The merit of each curve is determined by the magni-

tude of PLO/{M needed to establish a given ® , the largest value of
o
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P‘-"/{Mo being the beste. From Fig.12.2-13 it can be seen that the
best phasing was roughly ’]/f!= 0.87; the best port width of those
investigated ranged from 'TJM = 1,50 Por @ = 0,01, to ’I’M = l.64 for
O = o.05.

I+t was concluded that a reasonable compromise for the optimum
geometry for the best @ at MR°=O.14—7 invelved ’YM = "'IJL_ = 1,57 ports,
and a port phasing between ’l’¢ = 0,30 and ’T;i = 0.94. 1t was noted
that better performances may be obtainable for the higher values of ®

with MP inlet ports wider than Ty =1.64.

B8.244 Effect Of Rotor Spesd on Coolins Cycle Performance

Fir,12.2-14 shows contours of constant @ , for the optimum
(compromise) cooling cycle (and pressure boosting) geometry for Mgo=0.147,
on a plane the ordinate and abscissa of which represent Ry{m and
rotor speed respectively. The relationships betwsen dimensionless
reometry and rotor speed is the same as that shown on Fiz.l2.2-8.
Fis,12.2-15 illustrated the corresponding constant \/ curves for the
same geometry; \J , another cooling cycle performance criterion is
defined in squation 3.2-6. From both Fir.12,.2-14 and 12.2-15 it can
be seen that the optimum rotor speed is given by MRQ% 04,12, the exact
apex not being sharply defined on any of the curves.

It is pointed out that there is no indication that the optimum
(.dimensioned) peometry at Mp,=0.147 is necessarily also the optimum at
MR°= 0.12; so it may well be that the best possible cooling cyecle
performance may be better than indicated on either Fir.12.2-14 or 12.2-15.

Pir.12.2-10, 11, 12 show, for the optimum (dimensioned) reometry at

=0.147, © and - R R '
Mgp=0.147, @ and \J contours on the %Mo versus %o plane
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at Mgy values of 0.1225, 0,0978 and 0.1591 resvectively. Fir.1242~11
and 12.2-12 therefore show the cooling performances at the extremities
of the curves disvlayed on Fir.12.2-14 and 12.2-15., Pig,.12,2-10
illustrates the best compleﬁe goolhg cycle performance recorded during

the experiments.

8.5 EQUALISER:

The results of each complt?:te test to determine egualiser performance
characteristics with fixed geometry at a constant speed, #ere presented
on the R-%Mo versus P%o plane. As for the divider, the effects
on performance of changes of port geometry or rotor speed were deter—
mined by cross—plotting from the fixed geometry, constant speed,

experimental resuvltse.

8.3.1 Effect Of Port Geometrv On Equaliser Performances

Firel2.,2—22 and 12,.,2-23% show the effect on performance of ¥ariation
of phasing "r¢ , when the overall pressure ratio P“O/ﬁw and rotor speed
are meintained constante. For FigelZ2.2-22 R‘% = 1.3y for Fig.12.2-23

Lo
Pﬂ% = 1.6; for both cases the rotor speed corresponded to Mg,=
[We)
0.1346., Separate curves are shown on each diagram for HP port widths
ranging from f]: =1.48 to ’1/,4 =1.94. The best geometrical arrangement
for any prescribed § and of course overall pressure ratio is that which

produced the lowest R

B,
From an examination of Fir.l2.2-22 it can be secn that the best

port width is T, =1.94 with ’l’¢=o.95; when §=0 , changing %o qju = 1479

with 'Yg{ = 1,00 when §5=1.0. Fizel2.2-23 shows that the best

performance is obtained when ’T’H = 1,94 with qJ¢ =0.05at S=0 .

changing to Ty = 1.48 with Tg =0.70 at S=1,
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It was concluded, from Fiz.12.2-22, 23, thay for Mg,=0.1346,
very little loss of performance was incvrred over the rangs of
pressure ratios explorable, if the geometry were fixed with an HP port
width given by Tu=1,79, when '9:0.91. The performance with this
reometry for, Mgo = 0.1346, is shown on the PL}éoversus P%o
plane in Fig.12.2-16, This was the best performance, at fixed speed
and reometry, revealed by the equzﬁliser testse. Contours of pfoduct
efficiency 7,.,5 have becn added to the diagram; it may be noticed
that the maximum efficiency occurs fz;lirly close to the P%-—.
PHVPMO=1 origin, Figel2.2-17, 18 show the performance character—
istics near the ends of the "fuz 1,79 curves on Fig,12.2-22, 23.

FicelZ2,2-24 and 12.2-25 illustrate similar information to that
.displayed on Fiz.12.2-22, 23, but for the lower speed MRt): 0.1225,
Again the general conclusion was drawn that, without mugh loss of
performance, the ceometry could be fixed with the same port widths
and phasing as for the Mgp=0.1346 case.s 1In this case the
dimensionless HP port width and phasing are thercfore T = 1.96 and

Rio = 1,3, the best HP port width was 'T,'. = 1.96

0

Y4 =100, For
the corresponding optimum phasing ranging from ,.];H = 0,96 when S5 =0 A

to ’Y¢ = 1,09 when § = 1.0, From Firel2.2-25 it can be seen that the
best performance is obtained, when Mo = 1.6, with an HP port width
of Ty = 1.9¢, and Ty =0.90 when S=0, changing to Ty = 1.80 with

”I;d:o.as when & - 1.0,

8+3+.2 Effect Of Rotor Speed On Zqgualiser Performance:

Fir,12.,2-26 and 12,2-27 show the performance of the egualiser

arrangement over & range of rotor speeds between MR°=O.10 and MQO=O.15,
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the latter being the highest speed attainable with the Power Jets

»

machine working as an equaliser,s The overall pressure ratios

apolicable to Firz.12.2-26 and 12.2-27 are RW = 4% and. ?ﬁﬁ;lzl
Lo o

respectively; both diagrams were constructed for a fixed geometrical
arrangement giving optimum performance in the Mgo = 0.1225 to 0.1346
speed range, i.e. IIP port width = 479, LP port width = 439, P port
width = 48°, with a phasing ancle of 24°. The corresponding
dimensionless form of this geometry has been plotted, over the apnropriate
speed range on Fiz,l12.2-26.

Prom Firel2.2-26 and 12.2-27 it can be seen that the best rotor
speod is approximately h4R°=O.13; there is & slight temdency,
noticeable in both diagrams, for the optimum speed to inerease slightly
as § increases.

Fice12.2-20 and 12.,2-21 show the performances, on the Fg}fio versus

Rﬁyﬁ%ﬂo plane, at the low and hizh speed extremities respectively

of the curves showﬁ on Fig.l2.2-26 and 12.2-27. Fig.l2.2-19 and 12.2-16
display the performance characteristies for Mgy= 0.1225 and Mgy=0.1346;

these contribute the best results appearing on Fiz.12.,2-26 and 12.2-27
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9. COMPARISON OF THEORETICAL AND EXPERIMENTAL PERFORMANCES

An objective of this section, additional to that implicit in the
title, is to provide sxplanations of the performance characteristics
revealed by the experiments. The section is sub—divided into two main
parts, one dealing with dividers, the other with squalisers. ‘Each of
the main sub—sections is further divided into three portions; each of
these covers a comparison of the experimental results with a stage of

the three level thsoretical treatment explained in 4.l.
2.1 DIVIDERS

9.1.1 Comparison of Actual with Ideal Isentropic Performances

Comparison of the ideal isentropic pressure boosting performance
shown on Fig.12.1-1 with its best experimentally obtained counterpart
(Fiz.12.2-1) shows a considerable difference between the real and the
ideal performence characteristics. Possibly the most noticeable feature

L g
concerns the shape and position of the constant mass ratio curves. For
the.ideal performance these become steeper as they approach the left
hand side of the diagram; the converse is true of the experimental
results. The zero mass ratio curve lying on the right hand ordinate
of the ideal performance characteristics has been curved over to the left
in the experimental case; +the other constant/s curves were also
gimﬂarly deflected from their ideal locations.

The right hand ends of the constant Mach number curves on the
experimqptal result were raised-up, the contours consequently being
steepened, in relation to their location on the ideal performance
characteristics. The whole impression on comparing the ideal and actual

performances was therefore that the factors omitted from the theoretical
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treatment combined to have an effect which could perhaps be simulated
by the application of an (approxirately) conformal transformation to
the ideal results, Io attempt was made to establish such a trans—
formation function as it would not necessarily help to provide physical
reagsons for the observed performance characteristics.

Comparison of the ideal cooling cycle performance shown on Fig.12.,1-2
with the best experimental result, displayed on Fig,12.2-1C, shows that
® is rreater for the isentropic cycle as indeed would be expected.
if (j*had been drawn in contour form on Figel241-2 it would have
appeared as a series of vertical lines; because 2‘35 is everywhere
wnity, @ isa function of N/ L

Comparing the location of the \J/ contours on the experimental
and theoretical performance curves, it can be seen that the experimental
result is slightly superior to that predicted by theory. This possibility

and the reason for it were discussed in 3.2.2.

9.1¢2 Comparison of Actuval Performance with that Predicted from

Simplified Theory Taking Account of Irreversibilities.

A comparison of the best experimentally obtained pressure boosting
performance shown on Fig.12.2-1 with the performance illustrated on
Fire1l2.1-3, predicted by the procedure described in section 4.3 and sub-
section 4.3.1, shows that the theoretical performence underestimates the
résults obtained in practice. The constamt/s lines are noticeably
less curved on the predicted performance, but their general shapes are
very similar to those of the experimental results. /s a consequence
of the pessimistic estimates of B for specified pressure ratios, the
predicted product efficiency was inferior to the experimental ﬁaluo.

The constant Mach number contours were slightly less steep
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on the theoretical results; this effect appears to be consistent with
the general flattening—out of the‘/5 curves noticed on the predicted
performance.

The sinmplified theory, despite the short—comings springing from
its over simplifications, produced an estimate of performance having
generally the same characteristics as the actual result. The discrepancy
betweon theory and practice may have been largelv due to the use of the
only basic cell filling and cell emptying data available, for cell widths
of rﬁ;¢$<3.54, instead of data relevant <+to the effective cell width
of To® 0.36 of the experiment producing the result shown on Fig.12.2-1

The simplified theory, bearing in mind the difference in cell width
previously mentioned, appears to show that there is a reasonable correlation
between earlier éressure—exchanger work and the results of the divider
tests, Consequently it seems likely that the simplified theory may
be of use in the speedy prediction of pressure—exchanger cycle
pverformance from libraries of basic data, thereby avoiding laborious
characteristic calculations. The simplified procedure does not itselfl
provide detailed phvsical explanations for the form of the experimental
performance characteristics beyond those implicit in the agrecment between
theory and experiment; such explanations can be obtained from method-of-

characteristics studies.

1 3
9.1.3 Comparison of Actual Performance with the Res:lts of

Characteristics Studies:

A combarison of the isentropic mass ratio curves on Fiz.l2.l-1 with
the results,shown on Fig.l12.1-4, of a characteristic study of the

(hypothetical) performance of a pressure—exchanger divider with infinitely

narrow cells showed that, by taking wave effects into account, the
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constant mass ratio curves are transformed into shapeé cualitatively
resembling those obtained by experiment. The curves constituting
Firel2.1-4 are all drawn from optimised wave diagram calculations;

as described in section 4.4.4, the optimisation procedure studied the
virtues of delaying the closure of the HP and LP ports until flow
reversal occurs.

The results of the port-timing studies showed that the best divider
cycle performance was obtained when these ports were kept open as long
as possible. The pains were sufficiently gsreat to outweigh the
increased difficulty of diffusing the resultant non-uniform HP and LP
flows. The effect of elosing the MP inlet, at points other than that
indicated as appropriate by the arrival of a reflected shock from the
HP end, was not investirated; this would have involved the study of
cycles outside the scope of the work reported here.

An examination of the wave diagrams for infinitely narrow cells,
or if preferred, for cells of finite width capable of opening or closing
with infinite repidity, led to the conclusion that the divergence of the
mass ratio contours from their idsal isentropic locations was dus to
two effects. One of these was a consequence of the pressure waves
not propagating at relative speeds which would make an isentropic cycle
possible. Closely allied to this and supserimposed upon it, was the
apparently more serious effect arising from the fanning—out of expansion
waves, with consequent wave interaction, during the LP emptying process.
Yave fanning and interaction,which rapidly become more significant
as the LP lach number increases, makes it necessary to reduce Tio

below the value pertinent to an isentropic cycle in order that sufficient

fluid may be withdrawn from the LP port to maintain.operation of the
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machine, The forsgoing factors aecount for the consequent curling-
over of the‘/g characteristics which is such a significant feature of
Figel2al—4.

Fire.l2,1-5 displays the constant mass ratio curves, predicted from
wave diagram calculations, taking account of finite eell width. A
comparison of Fiz.12,1-4 with Fig.12.1-5 shows that the effect of
finite cell width is to accentuvate the tendencies already apparent in
Figel2.1-4; the curling over of the constant/g curves is more
pronounced, performance is generally poorer. The wave diagrams
providing the data for Fig.l2.1-5 were constructed for the maximm
possible HP and LP port widths consistent with the avoidance of flow
reversal; these limitations correspond to the optimum conditions
previously described.

The wave phenomena follow the basic pattern described for infinitely
narrow cells with additional complications arising from the finite time
required to fully expose or cover up the ends of the cells. The central
part of Figel2.1-0 shows, on a reduced scale; the eontours displayed
on Migel2.1-5; surrounding the mass ratio curves are eight of the wave
diagrams contributing information for the construction of Fip.12.1-5
The wave diapgrams display the following common features:

(1) formation of an initial shock by coalescence of weak
compression waves as cells are gradually exposed to the MP
port,

(2) peneration of a reflected shock closely pursued by an expansion

wave formed by the sradual communication of cells with the
IIP port, or to an sbserver in the cells, by the opening of the

BP port.
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(3) formation of an expansion wave by closure of the P
port; the expansion wave is followed and partially overtaken
by the shock reflscted from the point of MP cut—off. The
shock is itself pursued by an expansion Qavevgenerated by the
opening of the LP port.
(4) ceneration of a compression wave by the closure of the P port.
(5) reflection of a shock wave from the closed end of the cell;
this shock wave therefore runs towards the LP outlet behind the
compression wave referred to in (4).
(6) arrival and reflection of waves (4) and (5) in the I® port.
On arrival each wave accelerates the flow in the port, the
flow subsequently decelerating as reflected exvansion waves,
(initially) cenerated during ¥P port closure or LP port opening
arrive at the LP port.

(7) closure of the LP port to prevent flow reversal.

For diagrams (b), (c) and (e), wave (4) is of zero strength; on (f)
(4) is sufficiently strong to coalesece and form & shock wave.

A comparison of FigelZ.l1-5 with the best oxperimentally obtained
performance, shown in Fig.12.2-1, indicates that the theoretica}
performance has similar general characteristics to those obtained in
practice. Quantitatively the predicted result is wholly optimistic
bécause it takes no account of leakage or viscous losses.

Figel2,1-6 illustrates the predicted performance when allowances
are made for leakare and finite cell width effects. Leakage affects
the entire range of pressure ratios for which performance p?edictions

were made; +the most serious effects are concentrated in the mid-

nortion of the operating region. Leakage is of some importance at low
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pressure ratios because, although lealaze flows are small, so also
are the mass flows, hence leakase can still be significant§ the
converse argument implies that leakage also denigrates the performance
at high pressure ratios.

Fize12,1-7 shows the verformance with finite width cells‘still
further modified to take account of friction as well as leakages Frictien
losses have their greatgst effect at high Mach numbers; this
consequently causes the constant /3 contours to droop as they approach
the LH side of the diagran. ‘

A comparison of the predicted performance shown on Fim,12.,1-7 with
the best experimental result (Fir.12.2-1) reveals a considerable measure
of agreement between the two, although the theoretical treatment
produces a slizht underestimate of the experimental results The best
experimentally obtained value of 2,4~ 0.6 agrees with the
predicted value; however, the predicted region of maximum efficiency
lies nearer to the F%&/:o = fi&ﬁ£m==l origin of the plane of the
divider performance presentation, Close %o Rg/ﬁ;o = %j@;az 1,
the predicted performance will be optimistic because churning losses were
not taken into account. Churning losses are those associated with fluid
remaining in the roter for a sufficient period of time to be wvarried
through several cycles prior to discharge from the machine.

A comparison of the fixed gepmetry of the experimental result
shown on Fig.12.2-1 with the predicted geometry for optimised performance
(Fif.12.1-8) shows that the average theorstical P and LP port widths
are each about 10} wider than the optimum experimental values, these

being the maximum port widths possible with the experimental apparatus.

The mean predicted HP port width is about 7% less than the'experimontal
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value; according to theory, the width of the TP port should, for
optimum performaences vary from qﬂ;: 1.1 to qﬁ = 1.65 over the range
of the exporimentse - typical phasing from the theoretical geometry
overestimates its experimental counterpart by about 25%. This dis=—
crepancy is likely to be a conseguence of the too narrow ¥P and LP
ports and the over-—wide HP ports apparently used on the experimental
apparatuse.

It was concluded that the method-of-characteristics caleulations,
modified to allow for leakage and friction, enabled a moderately
accurate prediction to be made of divider cyele performance, Addition—
ally the characteristic calculations provided explanations for the shape
of the divider performance contours; they also gave indications of the
reometry reguired for optimum performance and of cycle performance
potential, The omission from the theory for reasons of simplicity,
of internal heat transfer and of any consideration of the effect of
residual vaves cenerated by earlier cycles may account for the predicted

performance slightly underestimating the actual result.

9.2 EOQUALISERS

9.2.1 Comparison of Actual with Ideal Isentronic Performance

Comparison of the ideal isentropic performance appearing on
Fire12,1-10 with the best experimentally obtained squaliser performance
iilustrated on Firz.12.2-16 shows that the real performance departs ever
increasingly from the ideal as th/ﬁwo increases. The curving over
of the constant Q. characteristiecs éf the ideal performance is very much
accentuated in the actual result. The 9=0 curve, lving on the R“}{m:l

ordinats for the ideal result, bends away from the axis and follows the
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profile of the other & 1lines in the experimentally obtained
performance.

The experimental constant Yach number contours are also deflected
towards the abscissa relative to their ideal locations. Conforming
to the impression civen in the divider case, described in sub-section
?.1.1, the apparent offect of all the losses ignored in the calculation
of the ideal performance is to apély a roughly conformal transformation

to the ideal performance characteristics.

9.2.2 Comparison of ictual Performence with that Predicted from

Simplified Theory Taking iccount of Irreversibilities

A comparison of the best experimental equaliser performance
(Fi;.lZ.l-lﬁ)with the theoretical performance showm in Fig.l2.1-11,
nredicted by the method explained in section 4.3 and sub—section 4.%.2,
shows that the predicted performance generally underestimated the
experimental result. The exception was for low values of Ro ;o with
stall § ; for these conditions the theory anticipated a better result
than was obtained in Qractice; this was a conssguence of the
experimental LP port being over wide for these operating conditions.
Justification for the latter statement is given in sub—section 9.2.3
where the results of characteristic studies are discussed. The
constant Mach number contours follow the trends apparent on the experi-
mental results; relative to their ideal shape, the contours curve
towards the Fﬁgfim axis.

The general underestimate of equaliser performance given by the
simplified theory mav, as anticipated for the divider case, be a
consequence of using basic data relevant to cells wider than those of

the exporimental apparatus. The appropriate cell widths are 72 = 0,54.
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and T~ 0.39 for the theory's input data and the experimental

squaliser respectively.

Oe2.3 Comparison of Actual Performance with the Results of

Characteristic Studies .

The constant stagnation enthalpy ratio curves on Fiz.l2.1-12,
constructed from the results of optimised wave diagram calculations for
a hypothetical cycle with infinitely narrow cells, curve—over yielding

minima completely absent from their ideal isentropic counterparts; the

PI..C) = O

latter are asymptotic to a horizontal line drawn through Vs

From a study of the performance of equalisers with infinitely narrow
cells it was discovered that the most efficient utilisation of wave
effects was obtained when thé P outlet and LP inlet were both kept open
for as long as possible consistent with the avoidance of flow reversal.
This consideration therefore roverned the opening point of the LP port
and, because the cut—off of the HP port was dictated by the arrival of
an sxpansion wave, it automatically fixed the width of the land
between the_HP'and LP inlets. The study was not extended to investigzate
the effect of advancing or retarding the point of closure of the HP
port relative to the arrival of the expansion fan.

An examination of the wave diagrams shows that the departure of the
constant § contours on Fir.12,1-12 from their ideal isentropic forms
wés mainly due to the fanning of expansion waves; this rhenomenon to some
extent upset the }P outlet process and seriously affected the LP
£illinpg event. These effects become more serious as MP HMach number
increases and also as Rf/ﬁ;o decreases. These factors therefore

account for the curving—over of the § characteristics in the manner

shown on Fir.12.1-12.
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Figel2.1-13 shows the & characteristics for an equaliser with
finite width cells: as for the contours on ?13.12.1—12; the corresponding
vave diagrams were drawn for the optimum conditions of maximm possible
MP and HP port widthse A comparison of Mg.12,1-12 and Fir.12.1-13
. shows similar general performance on both diagrams, the most striking
feature being the movement of the § contours upwards, with a bias to
the right, on Fig.12.1-13, This i-plies that for finite width cells,
greater driving pressure ratios ( %915; ) are required to maintain
riven %o with specified § .
The wave events with finite width cells follow the pattern for
infinitely narrow cell ecycles with the superposition of effects stemming
from the finite time required to cover or uncover the end of a cell.
Figel2.1-17 shows, at its centre, a copy of Fige.l2.1-13 drawvm to 2
reduced scale, Surrounding the family of 5 contours are reproductions
of eight of the contributing wave diagrams, these illustrate the
following common features:
(1) gseneration of a shock‘wéva by coalesence of compression
waves formed during the exposure of cells to the HP port.

(2) reflection of the initial shock followed by the generation of
an expansion wave as cells cormunicate with the ¥P outlet;
the expansion wave pursues, and partly overtakes the
reflec;ed shoock as they travel towards the HP inlet.

(3) formation of an expansion wave by gradual closure of the IIP

inlet. This is followed by reflection of the shock wave
approaching the HP port; the shock is in turn pursued by

the reflection of the expansion wave, originated by the opening

of the MP port, from the land between the HP and LP inlets.
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The LP inlet is opened as soon as inflow can be assured.

(4) formation of a shock due to closure of the MP outlet port.

(5) reflection of the shock wave travelling from the HP inlet end
Usually this wave reflects as an expansion at the MP outlet
porte.

(6) closure of the LP inlet, with resultant generation of
expansion wafes, in sufi'icient time to prevent the shock (4)
from causing flow reversal in the port; shock (4) is usvally
about to be, or is being, overtaken by wave (5) when.it reaches

the LP inlet end of the cells,

A comparison of Pig.12.1-14 with Fig.12.1-13 shows the effect of
taking leakage into account in addition to finite cell width effects.
From Fizel2.1-14 it can be seen that leakage has the effect of reducing
the R_%MO obtainable for given & with a specified P%m 3 it
~also deflects the minima in the consbant S curves towards the right.

Pigel2.1-15 shows the performance of an equaliger when account
is taken of leakage and friction in a cycle using finite width cells.

A comparison of Fig.12.1-15 and Fir.12.1-14 shows that the effect of

friction is to still further depress cycle performance, the effects

being most pronounced in regions where the flow Mach numbers are

greatest. The curling—over of the § contours is also acoentuated by

ffiction, a minimm ﬁfvﬁnb being clearly discernible for each § contour.
Comparison of Fi-,12,1-15 with the best experimental result on

Figl.12,2-16 shows good agreement between the theoretical and experi-

mental locations of the § contours and hence also the 2,,‘5 contours,

over a large portion of the region covered by the exparimepts. Actual

and predicted performances diverrce for small S ; the theoretical
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method anticipated a better result than was obtained in practice.
The clue to the reason for this discrepancy and alse for the poor
correlation between the experimental and theoretical locations of
the constant Mach number contours, ?omes from a comparison of the
geometries of the optimum theoretical and experimental performances.

The geomstry corresponding to the predicted optimum performance
on Fiz.12,1-15 is displayed in Fig.l2.1-16. From a comparison of real
and theoretical port widths it can be seen that the width of the LP
port on the experimental apparatus is two to three times that predicted
for optimum verformance with small values of & . The width of the
MP outiet port on the experimental apnaratus is approximately equal
to the average optimum predicted width over the range of the experi-
‘ments. The width of the HP inlet port exceeds by about Sf an average
of the predicted value for the range of pressures investigated. The
port phasing found to give best experimental results is about 10;. less
than the predicted optimume. The average of the predicted width of
tho optimum land between the FP and LP inlets was found to be about 50%
greater than that of its counterpart on the experimental equéliser.

It vas concluded that the method-of-characteristics, modified to
take account of friction and leakage, allowed a fairly accurate estimate
to be made of egualiser performence in regions where the optimum
geometry coincided with that used for the experiments. Discrepancies
_between the theoretical and experimental performances were probably the
consequence of geometric differences between the actual and theoretical
machines. Tho cxperimentel apparatus was not capable of suiting the
whole of the wide ranpge of ~eometries encompassed in the theoretical

treatment. The characteristics calculations also allowed an under-—



standing to be obtained of the wave mechanism in the apvnaratus.
The theorv enabled the relative significance of the parts played by
basic wave events, finite cell width, leakage and friction to be

studied.
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0., DISCUSSION & RECOMVENDATIONS

10.1 PROPERTIES & TLLTIALILIA OF PRESSURE-EXCIANGERDIVIDERS &

BOUALISERS,

Certain common properties may be ascribed to both dividers and
equalisers. Some of these emerpge as both direct and indirect
revelations of the work described in this thesis.

Probably the most important and restrictive featura; affecting the
scope of the commercial uses to which dividers and equalisers m@y be
put, is the lowness of the pressure ratios over which efficient overation
of single stage machines is possible. Theo tyves of comnounding shown
in Fige2e0~1 & 2 of section 2.5.1 and Fig.2.5-3 & 4 of ssction 2.5.2
cannot be regarded as wholly satisfactory means for making the oneration
of dividers and egualisers possible over large pressure ratios.‘ The
reasons for this are discussed separately for dividers and egualisers
in the next sub-sections.

Although not within the scope of the work covered by this report,
mention may be made of a proposal to introduce cydiivally variable volume
cells into the concept of a dynamic pressure—exchanger. Such a machine
can, for instance, result from the combination of the prineiples of an
orthodox pressure—exchanrer with those of a sliding—vame rotary machine.
Vériable volume cell pressure—sxzchangers should be capable of coping

ﬂwith rreater pressure ratios than would be feasible with either ordinary
constant-aolume—cell pressure—exchangers or sliding—wvane machines making
no use of wave effects. Such pressure—exchangers, which are the subject

of current patent action, may receive or produce shaft work; because

of this, and as a result of the eroater pressure ratios acceptable, these
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machines offer more design scope than orthodox pressure—exchangers at
the price of greater mechanical complexity.

llost pressure—exchangers can be, and so far have besn, designed
to run at much lower rotational speeds than turbo-mechines. This
implies that simple robust construction is usually adequate, and that
extreme precautions to prevent overspeeding may well be unnecessary,
even in situations where maintenance standards are lowe.

Because all the functions of a{pressure-cxchanger divider or
equaliser oycle are performed within & single rotor, the rotor cell
partitions etc., tend to settle at roughly the mean cycle temperature.
This therefore implies that higher maximum cvcle temperatures are often
permissible in a pressure—oxchanger than, for instance, in a comparablé
turbo—compressor. *

Due to the low relative velocities of the gasses entering, passing
through and leaving the cells of pressure—exchangers, their erosion
resigtance should be much better than that of most turbo-machines.

Some experimental evidence, so far umpublished, lends weight to this
viewe This therefore sugges%s the suitability of pressure—exchangers
for use with dirty gases or wet vapours.

A pressure exchanger without silencers can be very noisy.
Veasurements of the noise produced by the Power Jets machine showed
that a furldamental note was emitted having an intensity of 116 %g 120
decibels and a freguency sgual to the product of the number of cells
in the rotor multiplied by the number of revolutions of the rotor per
mit time. The recorded freguency agreed with observations by Berchtold

and Gull (3). The wave analyser also showed the existence of a number

of harmonic frequencies., The harmonics may have been the result of the
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fundamental disturbance not being truly sinusoidal the Fourier analysis
revealing the contributions of other frequencies,.

The features of pressure-—exchangers particularlv relevent %o
dividers and egualisers are discussed separately in sub—sections

10.1-1 and 10.1.2 res}‘)ac‘bively.

10,1.1 Dividers:

Because a pressure—exchanger divider takes in only one stream of
medium pressure fluid, some of which is compressed and the remainder
expanded prior to leaving the machine, the mean cycle temperature is
not likely to be much lower than the temperature of the ingoing fluid.
Indeed if the HP outflow is shut—off the mean gas temperature in the
cells may well be roughly equal to that of the ingoing fluid, 'ilt
is therefore concluded tﬁat the inherent adventaze of pressure—exchangers
of being able to withstand high maximum cycle temperatures is fairly
marginal for a divider arrangement.

The system of compounding shown in Fig.2.5-1 fails to make best use
of the medium o essure ingoing flow entering the first stage. if the
low pressure stacration pressures ars not all squal and of as low a
value as possible. The eéuality of the stagnation pressures of the
emergent low pressure streams is not however consistent with the
restriction of flow Mach numbers to reasonably small values and with
efficient low pressure oxpansion in the second and subseguent stages.

It therefore appears that manifestat;ons of the scheme proprosed in
Fire245~1 will involve separate LP flows of different stagnation
pressurss, a4s is indeed indicated on the A— U diagram forming the right
hand part of Fipg.2.5-le Similar arguments suggest that compounded

expansion of the LP stream gives rise to multiple HP outlet streams also



having different stagnation pressures.

The type of compounding shown in Fig.2.5:3 avoids intermediate
pressure outlets, but only at the expense of increased complexity in
the ducting comnecting the various stages. To prevent irreversible
effects propocating throughout the svstem it is desirable to fit an
intercooler adjacent to the pressure—exchanger on each medium pressure
inlet duct. A similar arrangement to that shown in Fir.2.5-3 can be
devised to cater for multi-stage expansion of the LP stream; such a
device could obviously be used in combination with the circuit shown on
Fig.2.5-3 to provide multi—-stace compression and expansion. More than
one staze of a multi-stagre divider can be accoﬁodated in & rotor; a
coaxial arrangement offers & convenient way to incorporate sets of

<

cells of different volumes in a single rotor.

10,12 Egualiger:

In an egualiser, advanbarce may be taken of the ligh maximm cycle
temperature permissible, without causing overheating of the structure,
when high and low temperature fluid streams both pass through the same
rotore Due to the effects of internal heat transfer the author would
expect a better product efficiency with a cold driving fluid and a hot
driven fluid than for the comverse possibility.

Internal heat transfer has not been taken into account in the
tﬁeoretical calculations described in this report because:

(a) nowhere are the tomperature differences in the cyecle

appreciablél

(b) little data seems to exist on unsteady flow hsat transfer

The omission of heat transfer considerations does not anpear to

have had any serious effects on the method of characteristies performance
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rredictions judging by the measure of apgreement betwsen them and reality.

The methods of compounding illustrated in Fig.2.5-2 and Fig.2.5-4
suffer from similar disadvantages to those described in detail when
considering the corresponding divider compounding schemes. The
arrangeﬁcnt in Fige2.5-2 involves multiple HP inlets; an alternative
circuit to cater for multi-stage expansion of the HP flow requires inter-—
mediate low pressure intakes. The ecircuit shown in Fig.2.5-4 for
multi-stare compression of the LP flow, or its opposite (not illustrated)
providing a facility for compounded HP expansiori; involves complicated

duct worke As for the corresponding divider schemes, it is preferable

to install an intercooler at sach intermediate inlet.

16,2 COIMERCIAL APPLICATIONS:

The commercial arplications suggested in this section are primarily
intended for sinrle stape dividers and equalisers and are therefore

essentially low pressure ratio uses.

10.2.1 Dividers:

Perhaps the most obvious applications for dividers are those
involving pressure boosting. Good uses of this kind may provide for
the recovery, by recompression, of fluid otherwise roing to waste.
Such an application could, for instance, involve the recompression,
and subsequent recirculation of process steam emerging for example
from a steam cooking process carried out at a pressure sensibly greater
than that prevailing in the low pressure sink into which all the steam
leaving the process would otherwise flow. In such applications, dividers

would clearly be useful in helping to conserve process fluid; indeed

if the fluid wes a wet vapour, or was particle contaminated, pressure—
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exchanger dividers may be uniquely suitable as erosion problems may
prevent the uss of turbo-machines.

Another field of application for dividers focusses attenfion
on the cooling proverties of the low pressure stream. An example,
making good use of pressure—exchanger erosion resistance potentialities,
involves the emnloyment of a divider as an expansion engine in a vanour
compression refrigerator. The right hand part of Fiz.10.2-1 shows
such an arrangement; the cycle is shown on the adjacent temperature

entropy diagram.

Y

: COOLER @

ENTROPY b 6 EVAPORATOR

Point 5 on the temperature entropy sketch shows the state of
the fluid entering the evaporator when the divider is fitted; point
8 1is the corresponding state point when a simple throttle replaces the
divider. The slight throttling from 3 to 4 1is merelv to ensure
that vapour rather than liguid passes into the nressure-—exchanger.

Less ambitious uses for divider cooling deviqes are as replacements
for Hilsch votrtex tubes in laboratory refrigeration applications.
From what evidence the suthor can find, (13} (6) Iilsch tubes generally
have rather low isentronic expansion effieciencies, usually less than
507L Provided the supply pressure ratio is suitable, it may therefore
be economic to employ & divider; if need be the same machine could
also be used as a pressure booster, a fumction not péssible with a Hilsch

tube.



It mey be noticed, in the foregoing, that some of the potential
applications suggested in section 2.6.1, for instance the cooling of
hirzh speed aircraft, have been omitteds This is because the actual
characteristics of dividers revealed by the oxperiments, etc. show that

the machines,are not well suited for these usese.

104242 Egualiger:

Pressure—exchanger equalisers may find application in vacuum stills
and similar equipment. For such uses their erosion resistance should
be an important advantage giving them a longer life than would be
obtainable from corresvonding burbo—compressor unitse. From the
experimental and theoretical performance results for equaligers it
appears that,at suitable pressure ratios, they give much better per—
formances than are possible with ejectors (7), (5)s The use of an
equaliser in a still should therefore allow driving fluid to be conserved
in comparison with the consumption when an sjector is used. Alternatively
it should cheapen the apraratus due to lower replacement costs when the
comparison is between a »ressure—exchanger and a turbo—compressor.

Another use involves the replacement by an equaliser of a throttle
through which steam or some other fluid passes on its way to, sav, a
steam cleaning process. By directing steam leaving the process into
the low pressure intake of the egualiser, compressing and then recirocul-

L g

ating it through the process, a saving is made in the ocuvantity of fresh
steam required. '7hilst an sjector could be used instead of the
proposed ecgualiser, for favourable pressure ratios, the saving in HP
fluid should be greater with an equaliser owing to its superior

performance.

Although a much more difficult application, an equaliser could be
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used as a thrust augmenter for an aircraft jet propulsion unit.

An elementary scheme could make use of the normal efflux of a turbo-

jet as the driving fluid, the driven fluid being air entrained from the
atmosphere., Quantative calculations for such an srrangement showed that
a simple—jet gas generator was not likely to produce the best results
because the driving pressure ratio was greater than that desirable for
optimum functioning of the pressure—exchanger. A more promising
application involves the use of an equaliser thrust aurmenter for which
the driving fluid is the efflux of an afterburning, by-pass jet engine,
The indications are that, for such a design, the pressure—exchanger

counld at least double the thrust otherwise obtainable.

10.3 RECOMMERDATIONS FOR FURTHZR WORK:

10.3.1 MNodifications To The Test Rig:

Whilst the experimental apparatus has performed reliably, and the
author is well pleased with its behaviour throughout the series of tests,
a few improvements suggest themselves in the light of experience with
the equipment,

Probably a slight betterment in verformance, certainly a removal
of doubt about their effects, would result from elemination of the
static pressure gradients observed in the norts of the machine. The
gradients are referred to in section 7.1.3; an approximate analysis is
given in Appendix V1.

Another improvement would be to provide an increase in the range
of dimensionless port widths explorable; notably to allow the low
pressure port width to be varied over a much wider range than at present
and to enable the width of the land between the MNP and LP ports to be

altered. A4n increase in the dimensionless port widths, could perhaps
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be achieved most easily by reducing the rumning speed and replacing the
existing rotor by one having a greater number of cells so that the
dimensionless cell width is not increased despite the reduction of speed.

Sugrested programmes for oxtending the work on divider and

egualiser cveles are studied in sections 10.3.2 and 10.3.3 respectively.

10,362 Procramme for Divider:

It is sugsested that further work on pressure—exchanger dividers

could be carried out with the objects of:

(1) studying the effect of changing the width of the hirh pressure
outlet port, also the width of the land between the LP and
LP ports.

(2) extending the tests to cover & greater range of pressure ratios,
adjusting the variable geometry appropriately, and testing of
the pressure boosting performance of the arrangement shown in
Fir.2.4-2 section 2.4.1.

(3) making a more detajiled study of cooling cycle performance,
including searching for optima, and traversing the LP outlet
ports to find the coldest fluid, etc.

(4) extending the research to cover workinz fluids other than dry
air; the choiee of fluids being indicated by the requirements
of potential comrmercial apnlications.

(5) prograrming the method—of—characteristics caloulations for
digital computation. The compuber caleulations should take
account of leakape and friction, preferably by more exact
methods than were used for the manual procedure, and extend

the range of pressure ratios covered by the theoretical

treatment. Ideally the progzramme should be capable of
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determining the optirum goometry for any operating condition.
It would also be useful if it could determine the performance
with a specified geometry, therebyr indicating the price

of fixed geometry in terms of loss of performance.

Procramme For Egqualiser:

The

(1)

(5)

equaliser work mey perhaps be extended to:
study the effect of varying the width of the P outlet port,
also the width of the land between the high and lew pressure
inletse.
oxtend the ranse of pressure ratios covered by the experiments,
carry out tests with HP and LP streams with appreciably
differing starnation temperatures.
conduct tests with working fluids other than dry air; also
nossibly to establish the performance using HP and LP flvids
of different compositions. The choice of possibilities for
investization wmder (3) or (4) could be decided from likely
commercial reguirements.
programme the characteristic calculations as for the divider
case, additionally taking account of internal heat transfer
and the possibility of using driving and driven fluids of

differing temperatures and compositions.
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1l. CONCLUSICHS

The conclusions have been divided into three parts (a), (b) and
(c) where:

(a) states conclusions drawn from the experiments.

(b) reports conclusions deduced from theoretical predictions of
the optimum performance charecteristics of single stage
divider pressure boosters and equaliseré.

(c) states conclusions obtained from theoretical studies of the
practicability of utilising non—dymamic processes, supersonic

flows and compounding.
(a) Conclusions drawn from the experiments.

The experimental results for both the divider vressure booster and
equaliser cycles showed that the regions of greatest product efficiency
wore located at values of ﬁﬁﬁ{ and Rfy/ fairly close to unity.

Mo R
These maxima, which were roughly comparable with values of product
efficiency obtainable from turbo-machines, were approximately 2m5==
0.6 and 12p,5 = 0,7 for the divider and equaliser respectively. There
was no real indication in any of the divider or equaliser experiments
that the regions of maxi-um efficiency could be moved appreciably by
changing any of the experimental variables.

Experimental results showed that optimised performances were not,
in general, particularly sensitive to small changes in speed and
geometry. 1t was also observed that the settings for the best divider
cooling cycle performance did not coincide with those for optimum

pressure boosting performance, The best observed isentropic
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7

expansion efficiency ?;gg was approximately 0475,

(b} Conclusions drawm from the results of theoretical predictions of

the performance of single stage dividers and equalisers.

Predictions of idealised isentropic performences, obtained from

Q - WU diagrams and the energy equation apnlied to isentropic divider
and.equaliser cycles, allowed basic cycle characteristics to be studied
in simplified forms The technique, which was very easy to applv, also
allowed the effects of fundamental performance limitations to be
examined without the superposition of other factors inecluded in more
sophisticated theoretical analyvses.

The simplified method for predicting pressure—exchanger performance
introduced in section 4.3 underestimated actual divider pressure booster

and equaliser performances. This was probably the conseguence of
applving the only experimental cell filling and emptring data available,
for cell widths of qé 2 0.54, to calculations reguiring data for

42 = 04, The method did predict divider and squaliser performance
characteristies of generally correct form.

Yethod—of—characteristiocs calculations indicated that optimum
divider pressure hooster performance was obtained when the HP and LP
outlets were made as wide as possible consistent with é%e avoidance of
Tlow reversal in these ports. The equaliser performed best when the
P outlet and LP inlet were both of maximum width. For both divider and

ualiser the widths of the IP and HP inlets respectively were limited
by the arrival of reflected vaves.

Characteristics calculations for optimum seometry with finite width

cells, taking acoount of friction and leakage, produced results which in
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general agreed fairly closely with the experiments, It was note-

worthy that the repgions of maximum product efficiency were located near
the TB?ﬁ;o== 1331£M:=1 origin of the planes on which the performances
were presented; this also was consistent with the results of the
experiments. The main discrepancy between theoretical and experimental
performances occured in rerions where the geometry of the experimental
apparatus diverged appreciably from that indicated as optimum in the
theoretical analyses.s This was particularly the case for the equaliser
at small values of 5 .

The characteristics study showed that the geometries corresponding
to optimm performances over the ranges of pressure ratios investigated
were not constant for the divider or equaliser, In sgome cases the
variation amounted to about 40f of the maximum value of the phasing or
port width concerned,

The characteristics treatment indicated that the major causes of the
departure of the actual performances from the isentropic ideals were,
in order of decreasing importance:

) the basic wave effects taken into account when performance
wes predicted by the method of characteristies applied to
infinitely narrow cells.

(11) the effect of finite cell width on wave events.

(111) cell wall friction, entry and exit losses.

(1V) 1leakape.

For pressure ratios very close to unity (111) and (1V) should be

interchanged.

(e¢) lore reneral theorstical considerations on the uses of non-

dynamic processes, supersonic flows and compownding led to the



107,

followins conclusions.

Pressure—exchanger divider pressure boosters and equalisers
depend entirely upon dynamic (wave) effects for their functioning;

in this respect dividers and equalisers differ from some other pressure—

sxchanger cycles.
It was concluded that it was not practical to make use of super—

sonic flows in pressure—exchangers of the types studied.s All

indications were that the most efficient operation of both dividers and

equalisers occured with low lMach number sub—sonic flowse.

Compounded divider and equaliser cycles are conceivable, thereby

indicating the possibility of operating with greater pressure ratios

than are practical with single stase machines. Each of the two

methods of compounding, introduced in section 2.5 and discussed in

section 10.1, suffer from certain disadvantages which may be serious in

some applications.
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PREDICTED DIVIDER PRESSURE-RB00STING PERFORMANCE
WITH FINITE WIDTH CELLS, LERKAGE AND FRICTIONAL
EFFECTS TAKEN INTO ACCOUNT (Te = 0-42ms x=|-4)
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PREDICTED GEOMETRIC PROPERTIES
PERFORMANCE CHARACTERISTICS SHOWN ON F1eld:I-7
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Fle.12-1-9

DIVIDER WAVE DIAGRAMS , FINITE CELL WIDTH, (Tc=20-43%Y:14)

NB. A SMALL SCALE REPRODUCTION OF Fl6.12-1-5 FORMS THE CENTRAL PART
OF THE ILLUSTRATION . INFLOW AND OUTFLOW VELOCITY PROFILES ARE
SKETCHED ON THE WAVE DIAGRAMS.
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Fic.12-1-10

PREDICTED EQUALISER TISENTROPIC PERFORMANCE
(x=14)
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PREDICTED EQUALISER PERFORMANCE WITH
IRREVERSIBILITIES TAKEN INTO ACCOUNT

(SIMPLIFIED THEORETICAL TREATMENT,Y: =0-54)
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PREDICTED EQUALISER PERFORMANCE WITH
INFINITELY NARROW CELLS

FI6. 121 —12
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PREDICTED EQUALISER PERFORMANCE WITH

FINITE WIDTH CELLS

("(c, = 04%_'? ) x=|'4>

Fl6.12:1-13
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PREDICTED EQGURLISER PERFORMANCE

WITH

FINITE WIDTH CELLS, LEAKAGE TAKEN INTO

(Te=0agss . ¥=14)
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PREDICTED

EQUALISER PERFORMANCE WITH

FINITE WIDTH CELLS; LEAKAGE AND FRICTIONAL
EFFECTS TAKEN INTO ACCOUNT

(o= 04 X=!-4)
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F16. 12°1-16

PREDICTED GEOMETRIC PROPERTIES FOR THE
PERFORMANCE CHARACTERISTICS SHOWN ON Fie.l12:1-I5
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FlG.12:1-17
EGUALISER WAVE DIAGRAMS, FINITE CELL WIDTH,(c=04%% ¥=14)

NB. A SMALL &CALE REPRODUCTION OF Fl6.12-1-13 FORMS THE CENTRAL
PART OF THE ILLUSTRATION. INFLOW AND OUTFLOW VELOCITY
PROFILES ARE SKETCHED ON THE WAVE DIAGRAMS.
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RESULTS OF FXPERIMENTAL INVESTIGATIONS
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Fle. 12-2 ~|
EXPERIMENTALLY OBTAINED DIVIDER
PRESSURE-BOOSTING PERFORMANCE

(F'IXED GEOMETRY , CONSTANT SPEED , Tm>o=308°K, Ro%lam)
ROTOR SPEED AND GEOMETRIC DATA |
DIMENSIONED [DIMENSIONLE SS

ROTOR SPEED 6000 REV./MN.
HP PORT WIDTH 4-9°

Ep o i 45°
MP " 45°
PHASING 24°
LAND WIDTH 2o,
EEUE 1 10-4

04 05
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FlG.12-2~-2
EXPERIMENTALLY OBTAINED DIVIDER

PRESSURE —BOOSTING PERFORMANCE

FIXED GEOMETRY, CON6TANT SPEED, Thmo=308%K, PLs® lmn)
ROTOR SPEED AND GEOMETRIC DATA

DIMENSIONED [DIMENSIONLESS
ROTOR SPEED 6000 REV./MIN.| Mro =0-1470
HP PORT WIDTH 42° Y =
LP “ " 45° ql\_ =
MP u (] 45’ ’I’n =
PHASING 19° fqr/ =
LAND WIDTH 125 £ =
ELL " 10-4 e = 6

05




12:9.

Fl6.12:2~3
EXPERIMENTALLY QBTAINED DIVIDER
PRESSURE —BOOSTING PERFORMANCE

FIXED GEOMETRY, CONSTANT SPEED, 7:«:;=308°K,Ro“'lam.)
ROTOR SPEED AND GEOMETRIC DATA

DIMENSIONED | DIMENSIONLESS |
ROTOR SPEED 6000 REV./MIN.| MRo =0-1470
HP PORT WIDTH 48° Yu =1-67
LP u u 45° T. =I|-87
MP u 45° ™ =157
PHASING 29° ;1;;{ =\-01|
LAND WIDTH 20 £ =047
CELL I 10-4 Te =0-360

o4 05
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FIG. 12-2—-4

EXPERIMENTALLY ORTAINED DIVIDER

PRESSURE-BOOSTING PERFORMANCE

(FIXED GEOMETRY, CONSTANT SPEED, -ﬁno=303°K,Ro"~"lAm.)
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(leED GEOMETRY, CONSTANT SPEED, Tm=308'K,R.o'-?'o|Am.)

Fl16.12-2-5

EXPERIMENTALLY OBTAINED DIVIDER
PRESSURE -B00STING PERFORMANCE

ROTOR SPEED AND GEOMETRIC DATA
TR (o
DIMENSIONED |DIMENSIONLESS
ROTOR SPEED 6500 REV. /MIN. muozo.lssl
HP PORT WIDTH 48° H = I'B4
LP n 1l ) 45: frl. - "45
MP " 45 ™ =145
PHASIN G 24° V¢ =011
LAND WIDTH 22 e =0-336
CEEL. . & 10-4 T =0-330L
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FiG.12-2-6

VARIATION OF EXPERIMENTALLY OBTAINED DIVIDER PRESSURE -~
BOOSTING PERFORMANCE WITH PORT WIDTH AND PHASING

Pho/to =13 , Mro=01470 (6000 Rev./MINY |, Th=1-67 (48°), Te=0-417 (:z‘),]
Te=0360 (10-47), Tmo=308K, PLomlaTm,

WIDTH OF MP PORT =41° , Tm = 1143 , Tu= 171,

= i Wi o= 43° 1 "(M = 1:50 , T =164,
. - n i 1 = 4S° 3 TM s |67 , Tb = |'57,
_- i Mo sl L = 47° A "\’M =64 ’T;. = |50,
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Fle.12-2-7

VARIATION OF ERXPERIMENTALLY OBRTAINED DIVIDER PRESSURE =
BOOSTING PERFORMANCE WITH PORT WIDTH RAND PHASING

[ Rio/Po=l6 , Mro=0:1470 (6000 Rev./MIN) , Tu=1:67 (48%), Tez0-417 (lz'),J
Ye 20-360 (10-4°) , Tmo =308°K , Ro=larm.

WIDTH OF MP PORT :41° F ’(M slidd . To=i
= " e i =48 Yv =150 , T = |-64.
m e ol 0 =45° . Tu 157, 7 5T
i iy iox47 . Twalbd o TE150.
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Fic.12.2-8

VARIATION OF EXPERIMENTALLY OBTAINED DIVIDER PRESSURE —R00STING PERFORMANCE
WITH ROTOR SPEED. F’“/P..o-l?: HP PORT WIDTH =48% LP PORT WIDTH =45° MP PORT WIDTH =45, puasmsau,mnn

WIOTH=12", CELL WIDTH =10-4° Tme =308°K, P..ozlnm.

NB, THE MARKED PO|NTS WERE OBTAINED FROM THE PRESENTATION , ON THE
Pie/Pro versys oPme PLANE , OF THE APPRIPRIATE INDEPENDENT TES: RESULTS.
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30

1:0t

134,

I3

4500 5000 5500 6000 6500
ROTOR SPEED  Rav,/Min.

1.0 .



Fl6.12:2-9
VARIATION OF EXPERIMENTALLY OBTNNED DIVIDER PRESSURE—BOOSTING PERFORMANCE WITH

ROTOR SPEED. P“/P._.;N: HP PORT WIDTH = 48 LP PoRT WIDTH = 45°, MP PORT WIDTW =45°, PHASING = ?_4 LAND WIDTH =12% cELL.
WIDTH = 10-4° 5 Mo =308°k, Ro?latm.

(NB. THE MPARKED :OINTS WERE OBTAINED FROM THE PRESENTATION , ON THE
Puo/pme vERsUs Te9Puoe PLANE, OF THE APPROPRIATE INDEPENDENT TEST RESULTS.
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Fi6. 12-2~10
EXPERIMENTALLY OBTRAINED DIVIDER

COOLING PERFORMANCE

(lesb GEOMETRY, CONSTANT SPEED , Tmo= 308°K P..o%lnm.)
ROTOR SPEED AND GEOMETRIC DATA

DIMENSIONED | DIMENSIONLESS|

ROTOR SPEED | S000REV./MN.| Mao =0-1225

HP PORT WIDTH 48° W = 2:0l

LP u " 45° T =1-8%

MP ] I 45° ’l’u = |-88

PHASING 24° Yg =1-00

LAND WIDTH 2 Te =0-50l

CELL u 104 Te =043l - 16

o4 o5
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FlG. 12211
EXPERIMENTALLY OBTAINED DIVIDER
COOLING PERFORMANCE

(lesn GEOMETRY, CONSTANT S?EE"D,*TM0=3OS°K,?L0'~"\ATM>
ROTOR SPEED AND GEOMETRIC DATA )

DIMENSIONED | DIMENSIONLESS
ROTOR SPEED 4000 REV./MIN. Ro =0-0978
HP PORT WIDTH 48: H =25l
Py " 45 T =295
MP o " 45° Tw =235
PHASING 24 :,\’/ =126
LAND WIDTH 2t £ =0626
el u 10-4 Te =0-540 16
[
5 /
o .
> 15

/S S
/ > Mo

o5
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F16.12-2=12
EXPERIMENTALLY OBTAINED DIVIDER

COOLING PERFORMANCE
(F’lxsn GEOMETRY, CONSTANT SPEED, Tm=308°K,?u‘8\mn>

ROTOR SPEED AND GEOMETRIC DATA ,
DIMENSIONED |DIMENSIONLESS

ROTOR SPEED 6500 REVMN| Mro = 01591
HP PoRT WIiDTH| 4R8° ~“u =154

LP n n 45: Y. =145

MP n ul 45° 'TlM = ‘45
PHASING 24 41 =077
LAND WIDTH f22 £ =038
CELL " 10-4 T =033

o4

04]




FIG.12:2~13
VARIATION OF EXPERIMENTALLY OBTRAINED DIVIDER COOLING
PERFORMANCE WITH PORT WIDTH AND PHASING

Mro=0-1470 (6000 ReV./MINY, Tn=1-67 (487, Ye= 0-417(12%) , Ye=0360(10-4°),
Tmo = 308°K, PLo® laTm.

WIDTH OF MP PORT =41° K Tu=1-43 |, T.=IM,
o i i) i =43° , Tw=l80 , Tosié4,
. " ‘ g t =4S° ) Tw=1'57 , =157,
w =47, Tw=l64 , T=b50.
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FiG. 12:2~14
VARIATION OF EXPERIMENTALLY OBTAINED DIVIDER COOLING PERFORMANCE WITH ROTOR SPEED

PARAMETERS OF @, HP PORT WIDTH=48", LP PORT WIDTH =457 MP PoRT WIDTH=45° PHASING =24° LAND WIDTH =12° CELL WIDTH=10-4",
Twme =308°K, PLom |aTM,

NB. THE MARKED POINTS WERE OBRTAINED FROM THE PRESENTATION ON THE
Po/Pmo VERSUS T-%Pwe PLANE OF THE RPPROPRIATE INDEPENDENT TEST RESULTS.

Yo o-ln 012 o-i3 Mgro o-||4 ; o-:s ‘ o-lls
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4000 4500 5000 5500 6000 6500
ROTOR SPEED  REV./MN.
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FIG.12-2-15

VARIATION OF EXPERIMENTALLY OBRTAINED DIVIDER COOLING PERFORMANCE WITH ROTOR SPEED
PARAME TERS OF Y | HP PORT WIDTH = 48°,

LP PORT WIDTH =45, MP PORT WIDTH = 45° PHASING=24", LAND WIDTH=12°, CELL WIDTH:10-4°,
Tmoe =308°K, PLo= laTM.
NB. THE MARKED POINT’S WERE OBTAINED FROM THE PRESENTAT\ON ON THE
Puo/Pme vERSUS %Pmo PLANE, OF THE APPROPRIATE INDEPENDENT TEST RESULTS.
040 o-1i 012 0413 Meo 014 0|5 016
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08
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Fi6.12-2-16
EXPERIMENTALLY OBTARINED EQUALISER PERFORMANCE
FIXED GEOMETRY, CONSTANT SPEED , T =308K , Ro™ |ammn 111%“‘?0.95.

ROTOR SPEED AND GEOMETRIC DATA
DIMENSIONED [DIMENSIONLESS
ROTOR SPEED 5500 REV./MIN] Mro=0-1346
HP PORT WIDTH 47° Y =179
LP u ) 45’ "ﬁ. =163
MP u 49: m =183
PHASING 24 Té =091
LAND WIDTH 12.°° Te = 0456
GELL 10-4 Te =0393
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F16. 12:2=17
EXPERIMENTALLY OBTAINED EQUALISER PERFORMANCE
FIXED GEOMETRY , CONSTANT SPEED , Tho= 308°K , Ro% lam, Tigq % 0:95,

ROTOR SPEED AND GEOMETRIC DATA |
DIMENSIONED [DIMENSIONLESS
ROTOR SPEED 5500 Rev./MIN.| Mro =0-1346
HP PORT WIDTH 47° T - =119
LP n 1) 43: M =143
MP " 48 ™™ =183
PHASING 18° :? =0-68
LAND WIDTH 12.° =056
CEEL 10-4° e =0393

08
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Fl6. 12218
EXPERIMENTALLY OBTAINED EQUALISER PERFORMANCE
(t-'\xz-:b GEOMETRY , CONSTANT SPEED , Ty, =30%°K , PLo'ﬂ"Inm)T%‘ 30-95)

ROTOR SPEED AND GEOMETRIC DATA
DIMENSIONED |DIMENSIONLESS
ROTOR SPEED | 5500 REV./m| Mro = 0-1346
HP PORT WIDTH 477° H =179
LP (e o 43° Y. =163
MP n 1 430 ’(M = .83
PHASING 29° ’}"; = |10
LAND WIDTH j2:° e =0456
CELLE o 10-4° Te = 0393
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F16.12-2=19

145.

EXPERIMENTALLY OBTAINED EQUALISER PERFORMANCE
Q—‘lxsb GEOMETRY , CONSTANT SPEED , To =308°K,Pw%\mn,";‘gf~¢0-95>
Ho

ROTOR SPEED AND METR
DIMENSIONED DIMENSIONLESS
RoTOR SPEED 5000 REV./MIN] MRo =0:1225
HP PoRT WIDTH | 47, H =196
P u 43 Tooi =180
MP « 0 48: m =201
PHASING 24 Tg =1-00
LAND WIDTH iz Te =0-50}
CELL n 104 Yo =0-43|
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ElGil2:2=20
EXPERIMENTALLY OBTAINED EQUALISER PERFORMANCE
@XED GEOMETRY , CONSTANT SPEED , Tne=308% , Ro® latm ,T‘,‘{Hf 0~95>

ROTOR SPEED RAND GEOMETRIC DATA
_ |pimensionen [DiMENsioNLESS |
ROTOR SPEED 4000 REV.MIN] Mro =0-0978
HP PORT WIDTH 47° “Yu =240
LP u n 43 ’IIL =22.S
MP n " 480 'I/M =25'
PHASING 24 I;{ = [-26
LAND WIDTH o) s =0-626
EELE W 10-4° Yo = 0-540
1.0 o). 2. PMo I 4 |5 16
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Fie. 12-2-21

147.

EXPERIMENTALLY OBTAINED EQUALISER PERFORMANCE
(FIXE‘D GEOMETRY , CONSTANT SPEED , Tuo=308°K, Pl_;z\n-m,%xoﬁs)

ROTOR SPEED

AND GEOMETRIGAL. DATA

DIMENSIONED [DIMENSIONLESS
ROTOR SPEED | 6000 REV./MN. | Mro =0-1470
HP PORT WIDTH| 47° T =164
LP n 1n 430 'T’L. = ISO
MP n " 48° M =167
PHRSING 24° :;’,s = 0-835
LAND WIDTH |2°° s =047
CELL u 10-4 Te = 0-360
B/
10 N 12 a4 e 15 6
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Fl6.12:2~22
VARIATION OF EXPERIMENTALLY OBTAINED EAUALISER PERFORMANCE WITH PORT

WIDTH AND PHASING. "A.7 13, Mo =01346(5500 Reviiin) , Tw=1:83 (48%), Te = 0456(129), Te=0-393 (i04) Tusr308,

Pro % 1aT™m.
WIDTH OF HP PORT =239,  Tu={48, T =194,
i " I i 1 = 43° ) Tu = 1063, T=179
. n i W =47, Ta = 1279 , To=1:63 .,
S L n b LBl y T™ = -94 , To=1:48 .
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Fl6.12-2-23
VARIATION OF EXPERIMENTALLY OBTRINED EQUALISER PERFORMANCE WITH PORT

WIDTH AND PHASING. Hh0=16, Mroz01346 (5500 Rew/MiN.) , Tu=1-83 (48", Te= 0456 (12°), 7c=0393(10:4°),
Tho =308°K, Puo=laTme.

WIDTH OF HPPORT =39°, Tu:=1:48, T =194,
& " M et = 4%° y Tu = 10163 9 To= 179 ,

. I ©o =47a ; o= 199 Te = a8
e i =5, q.: 194 . T = 1048 ,
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VARIATION OF EXPERIMENTALLY OBTAINED EAQUALISER PERF’ORMANCE WITH PORT
WIDTH AND PHASING. P494.,=13  Muo= 201225 (5000 REV.MIN), Tha= 2:01 (4%°), Te=0-501(2), Ve = omt(no4’),

.=308K Pro= |lATM.

Fl6. n. <224

WIDTH OF HP PORT = 39° Tieden ; Tanm
— t i 1 (] = 43° Ar“ = |, eO ) ﬂrL s 1‘96.
L 1 i H f = 47° 9 'Tu = |'96 ) ’T(_ = |-BO.
" Be i ==5|°, T =205 ;o 3 163,
Sl " Tl W 84, Tu=220, =150,
0:6 ol7 0:8 02 It ¢ 1 12 |-|3 |l4 451

055

0-80

PORT PHASING

&9
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075
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Fl6.12:2=25
VARIATION OF EXPERIMENTALLY OBTAINED EQUALISER PERFORMANCE WITH
PORT WIDTH AND PHASING .M =16, Mro=01225 (ioloo REV. /MINY , Th = 2:01 (48°) , Te = 0-501 (12),Yc=043 i04),

Tho = 308°K, ATH,
WIDTH OF HP PORT =39°, Tu=163 , T.=213.
e 1 e = 43° s Tuz180 , To=1:96 ,
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Fig.12:2~-26

VARIATION OF EXPERIMENTALLY OBTAINED EQUALISER PERFORMANCE WITH ROTOR SPEED

Pro/p_, =13, HP PORT WIDTH=47, LP PORT WIDTH=435 MP PORT WIDTH = 48° PHASING =2.4% LAND WIDTH =12°, CELL WIDTH=(0-45

( NB. THE MARKED POINTS WERE OBTAINED FROM THE PRESENTATION, ON THE

THo =308°A, PLom laTtm,

Pobue versus PH9%Pmo 'PLANE, OF THE APPROPRIATE INDEPENDENT TEST RESULT‘S)
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F1G. 12-2=-27
VARIP\T’lON OF EXPERIMENTALLY OBTAINED EQUALISER PERFORMANCE WITH ROTOR SPEED

Pro/p, o = =1'6, HP PORT WIDTH=247° LP PORT WIDTH=43) MP PORT WIDTH =489 PHASING = 24 LAND WIDTH=12° CELL WIDTH:10-4,
THo -308 K, PRo=larm,

NB. THE MARKED POINTS WERE ORTAINED FROM THE PRESENTATION, ON THE
Po/Pmo VErsus PHo/Pmo PLANE, OF THE APPROPRIATE INDEPENDENT TEST RESULTS.
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Fig. 1332 CLOSE-UP PHOTOGRAPH OF THE PRESSURE-EXCHANGER,
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1541 APPENDEE T

ROTATION

Generally no dimensions are specified for the guantities corres—
ponding to the symbols in the following lists. Usually the symbols
are emploved in such a way that equations involving them are dimen-—

sionless. “here dimensions are required they are ziven in the text.

13

et Lak o T_T mmn Qv
ENGLISE-LETTER SYMBOLS

a Local acoustic velocity

CQlrer Reference acoustic wvelocity. [‘-—" QA mo £ Q,, for dividers &equalisers]

respectively.
A Cross-sectional area,
Ah Cross-sectional area of an averaging manomeit®sr pressure
pick—up limb.
AR Cross-sectional area of an averaging manometer recording limb.
b Breadth of a cell at mean radial depth.
B Constant in averaging manometer eguations.
(e Clearance between rotor and stator.
€ Leakage coefficient for "simple" leaks.
CL llean value of leakage coefficient for labyrinth leaks.
Cp Spacific heat at constant pressure.
Cv Specific Heat at constant volume.

f

Radial depth of cells,

Dy, Twdraulic mean diameter of a cell,
¥ (without subseript) cross sectional area (Jenmy's notation),
£ (with a subscript 1, 2, 3 or 4} lealmpe functions defined in

Appendix V part III.

F Function of % (Kearton & Keh's notation),
n



o =P

SEC

s Z

Say) gU 0
ES

Gravitational acceleration. :
Mass flow (Jemny's notation).

Displacement of fluid from the datum in an averaging mano-
meter pressure piek-up limb.

Displacement of fluid from the datum in an averaging mano—
meter recording limb.

Ratio; Free flow area tlrourh a cell
cross sectional area of cell plus partition.

Length of cells,

Mass.

Mass flow.

lass flow in an unspecified duct.

Mass flow through a leak.

Axial compenent of ¥ach number.

Local liach number in a cell end, in cormmiecation with

an inlet port, referred to isentropic stammation conditions
in the inlet.

Local lach number in a cell end referred to isentropic statie
conditions in the outlet port communicating with the cell.

.

Total Mach numbser, i.s. vector sum of whirl and axial
components of Iach number, hence; h4h=,h4‘4_h4;_

L)
Whirl component of lach number at mean radial depth of ¢ells.
Number of pressure pick—up limbs on an averacing manometer.
Also number of stazes in a labyrinth seal (Kearton & Keh's
notation].
Rotational speed, revs./min.
Humber of cells passing a fixed point in unit time.
Static pressuro.

Back pressure on recording limb of an averazing manometer.

Effective stagnation pressure at entry to a leakege path.

162,
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Static pressure dovmstream of last (nth ) stase of a
labyrinth seal,

Stagnation pressure; subscrint indicating the fluid stream
is interposed betwsen the "P"™ and "o "

Static pressurs at radius I

Static pressure in an unspecified outlet port prior to making
allowances for cell partition thickness, viscous, or leakare
effects; subscript S8 replaced by H , L, or M when the port
is specified. :

Static pressure on the discharge side of a simple leak,

Rate of heat transfer,

Dimensionless form of ql. [_:_ %‘hn—'

Radius.

Gas constant.

Pitch of star points in relaxation procedure.
llumber of velocity heads lost.

Time or time interval.

Static temperature.

Stagnation temperature; subscript: indicating the fluid
stream is interposed between the "T" and ", " .

Component of local gas velocity parallel to axis of rotor.
Dimensionless form of w, EE 8&6]

Whirl component of local mas velocity at mean radial depth
of cells,

Circumferential velocity of rotor at mean radial depth of cells,
Dimensionless form of v;EE x%i]

Dimensionless form of w;,k; VE;{%]

Gircumferential width of port at mean radial depth of cells.,
Co—ordinate in a direction parallel to axis of rotor.

Dimensionless form of’)(,EEjgcsj(applicable in ducts only),
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Circumferential co-—ordinate.

~

Dimensionlass form of Y, [E %} (applicable in ducts only).

GREEK-LETTER SYWBOLS

(o4
B
At

n, n P oo X

~

'ZC.IS
e

90 & e n e 0

a >

Dimensionless form of sonie velocity; = “/Qpge

Divider cycle mass ratio; = m%hm
Divider mass ratio from wave diagram calculations allmvihg for
leakage effects in cells (does not take account of leakasze
effects external to the cells).

: s LG
Ratio of specific heatsy = %V
Small finite difference.
Finite differencs,
‘ht..‘n.o A

AIH'EO
Eoualiser stagnation enthalpy ratio from wave diagram

calculations allowing for leakaze effects in cells, (doss not
take account of leakape effects external to the cells.)

il

Equaliser stagnation enthalpy ratioy .

;i ; S - St
Dimensionless velocity for wave diagrams; = AREF

Isentropic compression efficiencv.
Isentropic expansion efficiency.

Isentropic product efficiency; = ?cus ?EIS
Angle of inclination of the walls of a pressure—exchanger
inlet duct.
Criterion of divider cooling cycle performance; EO—M"—.H-‘%—MO
Dimensionless form of rotor to stator clearance; = %

" " " preadth of cell; = %

1 n 7 . s 5 __d,

radial depth of cells; = /L

" " " gigplacement along axis of cells; 5%
Vorticity in a pressure—exchanger duct.
Density.

Static pressure ratio (employed in universal pressure ratio
temperature ratio relationships, ipnendix IV),
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Dimensionless time or time interval; Eto‘“%

Static temporature ratio (employed in universal pressure
ratio, temperature ratio relationships, appendix IV),

Fraction of the cross—sectional area of a -cell communicating
with a port during opening or closing.

Ratio of mass ratios; 5/5/*

-
Loakaze function; = 7-— (56/‘2 %)aﬁ}ﬂ

Relaxation procedure residuval quantity.

Stream function.
o
. : S : o MR
Criterion of divider cooling cycle performance; = G“\'M0 L)/ﬁ\ T
Mo

Angular velocity.

,bsrggg:.eue. =
X

Fraction of length of a grid arm S inboard of a boundary
(relaxation procéedure)e

SUBSCRIPTS

RV Average value; the partieular meangngs implied, arithmetic
average, etc, are specified in the texte

c Refers to cells,

H Refers to the high pressure stream or HP port. i
L R3] " ¢ 1 lmv 1 1n " LP 1

M 3] b4} " medi.um " u " I: 1

0s The static conditions obtained from isentropic expansion

(or compression} from cycle inlet conditions to outlet port
static pressure B .

P Refers to a port of unspecified type.
i Refers to the total time a cell communicates with a port,
z Refers to stagnation conditions in an inlet pert prior to

making allowances for cell partition thickness, viscous, or
leakape effects

E Refers to the land betwsen divider MNP inlet and LP outlet,
or egualiser HP and LP inlets.
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o) Refers to the phasing of the leading edses of the divider or
egualiser I and HP ports. ;

Other subscripts are defined on diazrams aprearing in the text.

SUPIRSCRIPTS

/ Refers to fluid trapped in the ceclls by cut—off of the last
port in the cycle. '

¥ Refers to the end conditions, or the results, of an isentrepic
DTOCESS,

== Refers to the mean condi t1on in a ducte.

LIMITS OF INTUGRATION ETC.

1 &2 These are generally used to represent the 1ower and upver
limits of intepgrations resnectivelv as in;
unct:on 2)dz

which is an abbreviatiom for; ﬁunctmn (z)dz -
1 Represents the general ( r'th ) term in a series or summation.
n Represents the upper (unspecified) limit of a summation of

a finite number of termse.

DIAGRAL! TABELS ETC.

‘there possible apnropriate physical guantities have been
written on diagramse Elsewhere codes of ensircled numerals
Roman and Arabic and enecircled letters, capital and small,
are used as symbols to link t - with a—-u diagrams and
Y—O-charts, etce. ‘here appropriate, symbols have, aflter
removal of the gurrounding circles, becn used as subscripis
for physical quantities, etc. in calculations relevant to the
dia”ms .

I'"@@
‘@ @

IR

Hisgh pressure port or stream,

LOVJ n n " "

iedium " e B

-

Direction of travel of cells,

lyZFI

Direction of fluid flow.



HP
&P

MP
Pe.

Hizh pressure,
Lovr )
"

Medium

Pressure —exchanger.

1

Te
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1542 APPENDIX 1I

SIGNIFICANCE OF PRODUCT EFFICIEHCY

& CRITERIA OF PERFORMAICE

This Appendix is sub~divided into three sections (a),'(b) and
(¢c). Section (a) deals with the significance of mess ratio an& product
efficiency as exponents of divider performance, section (b) justilies
the criteria of divider cooling cycles guoted in 3.2.2. Section (e¢)
covers the dsrivation of expressions for egualiser performance in

terms of enthalpy retio and product efficiency.

(&) Simificance of 29@7 and B as Criteria of Divider Performance

The sketch shows a block diagrem of an adiabatic divider of

unspecified kind;

L

DIVIDER ———.—H—

The energy equation for working fluid having constant specific
heat:
My, (Tao — Mo) = m, (Tmo T 'Ti.o) ' 15.2-1
iby definition of isentropic efficiency, where thes symbols with

asterisks refer to states after an isentropiec process:

¥*
Tao —TMO
. 15.2-2
las = Tho — Tmo
Too— T,
= Ido— o .
lew = 12— ¥ 15.2-3

- Substituting from 15,2.2 and 15.,2.3 for the temperature differences



appearing in 12.2—1, dividing by _Eho » and rearrangings;
. T * -T— 3
.r_n_t!_ E1O s = DI O -
'T'h_ [TMO ]- 20.5 ?‘EIS 1 -r;qo }.-3 o Dol
From isentropic * = - * ¥ =1
relations: g - (ﬁ)l‘""t =t S RV 50,8
Tuo  \Puo . e Ruo
by definition: My E/B - Wigl e s 15,27
M m [

D

by substitubing 15.2-5, 6, 7 in 15.2-4 and rearranging, the following

result is obbtained after inwoking the definition of 2?5:

Bofe
zPls = )ans 71-::; =<| f/s %ﬁgg)& (&&)1? 15.2.8

‘ : ™Mo,

Defining /3 as the mass ratio JMH of an isentronic machine, it
. ™M

follows from 15.,2-8 that for corresponding pressure retios:
(/B ,5* - ? 15,2-9
- = 5 9
{—28 \l-—,ﬁ P1s

Equation 10.2-8 shows that the product efficiency of an adiabatic

divider is a funetion of the mass and pressure ratios. Alternatively

15.2-9 shows that the product sfficiency is a unique function of actual
. . 3 *
and corresponding isentropic mass ratios, i.2. tﬁns = fnnctlon(/g,/ﬁi),

This function is shown in graphical form in Fig.l5,2-1,
arar g

(b) Criteria of Divider Cooling Cvcle Performance

For some apvlications the most important criterion of divider cooling
performance is the maymitude of the obtainable temperature drop.e I

this 3

0

xpressed as a fraction of the corresponding temperature drop of
an isentropic machine, then the ratio is, by definition, the isentropic
expansion efficiency of the divider; sce equation 15.2-3.

A more meaningful oriterion of temperature performance is the ratio
of the *emnerature drop divided by the input 'Gemnerature Imo

Expressing the temnerature drop in this way and involving equations 15.2-3
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and 15,2-6, the following expression is obtained;
~
B= Ta—Te = 2t —(B&>Z?- 15.2-10
Mo ™Mo

For some apnlications the notential coolingc effect is more

important than the maxirmm tempnerature drop. To form a criterion of
this, ecuation 15.2.10 mar be converted into an enthalpv ratio, defining
this as \§ , and from the definition of B , we have for the cdse of

constant speci

X~
P = Qa_'DL(_"'_?«_e:I.n) :(n—,g) ers 11— %ﬁ i ‘ 18,211,

sssigning the smbol \P to the performance of an isentropic

machine, also invoking equation 15.2-9

oy gy - 15,2-12
8 ﬁ?*’?cs

From equation 15,2-8 it can be seen that if 2c|s""o , then B =0

|

hence from 15,2-12, % can conceivably exceed wnity, particularly
25.5"" 1 e
The orthodox coefficient of performance criterion for refrigerators
is of little use in assessing divider cooling affectiveness beeause
the avpropriate expression involves some kmnowledre of the process or

device supplying compressed fluid to the divider.

(¢c) Simificanes of 2pge- and § as Feualiser Performance Criteria: :

iAn equaliser of unspecified type is showm in the block diagram:
——L"b-————j__-_____ 2
EQUALISER s M
H oy = = M, -

The enerzy equation for a machine discherging two separate medium pressure

:)
streams-is;

th (.Tb-qo —‘mou) = CPL rhl_ ('T;,m_ e T.o) 15.2-13



171,
vhere the symbols with asterisks refer to states after isentropic
processes, the isentropic compression and expansion efficiencies are
defined; S
¥*
)ZCIS == TM“' T KO : 15.2-14
T:/\ou_ S TL.O

)Zas = M | 15,2-15

HO — '™M0OH

Substituting from 15.2-14 and 15.2-15 for the temperature differences

appearing in 15.2-13;

- oo Wl m
CP W ‘2 1-—-__MQH LG m ho MoL, S
H 'Ho = Decm=il
H EIS -rHO PL L‘E —rl-.o 1
i isent : =l %=
2rom ,selluroplc e E 3
e Taon (fmu g, Mo = [Baot)'™ 15.2-18
Tho Puo Tie R

Defining §  such that:

§ — Eﬂ.lr_\_i—:_‘_“:‘; 15.2~19
Cpu mH—l_HO

rearrangine 15.,2-16 and substibuting 15.2-17, 1€, 19 and invoking the

definition of ’ZHS.

’Zpls = 20\5 ?Els =§ %ﬁm)l%ﬁpl - 15.2-20
* L

hX‘g as the enthalpy ratio of an isentropic machine, then

defining
for corresponding pressure ratios:
_QS*- = e 15,221
In most pressure—exchanger e@ualisers both the medium pressurse
streams share‘the same medium pressure outlet ports, the flows then
pass to a common reservoir. This arransement is showm ih.diagrammatic

form by dotted lines added to the block diagram of the equaliser.

In an idealised machine mixi los = =
chine mixing losses can be avoide aa o P P. =P
- t ided by making fwew™ o ™Mo



(=]
e |
o

1

and diffuvsing each of the separate medium pressure streams to
essentially gzero velocity prior to mixing. Hlence there is no need to
allow for mixings losses in the idealised analvsis; particularising

equation 15.2—20 for the case Mo MOL FLO,
!_L

e
D) 15.2-22

—&F

1 and 15.2-22 are those of particular relevance

Equations 15.2-2

to pressurs—exchanger egualisers,
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Fi6. I5-2~1

RELATIONSHIP BETWEEN DIVIDER MASS RATIO
AND PRODUCT EFFICIENCY

é = MnAss AATIO 8 OF A DIVIDER OF EFFICIENCY Leis

MASs RATI0 8" OF AN ISENTROPIC DIVIDER
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PREDICTICN OF TIE PERFORIANCE

OF ISENTROPIC PRES SURE-;—EXC IHGER

DIVIDERS & EQUALISERS

This Appendix is di‘ﬁ&ed into two parts (a) and (b) Part (a)
deals with the derivation of expressions needed for evaluatiﬁg fhe
1
performance and performance limits of a hypothetical isentropic pressure—
exchanger divider. Seotion (b} serves a similar fumction for

hypothetical isentropic pressure—exchanger equaliser.

{a] Pressure Exchanger Divider:

In order to present the performance of an isentropic pressure-
exchanger divider on the R‘}{Mo - i PM plane it was necessary to
: :
determine;

e
(1) +the mass ratio B in terms of R‘}{) and P%
Mo Mo

(11) The Mach numbers My , My , & M_ in the high, medium and
low pressure prbs respectively, all in terms of Prw/f,m

and PLD ®
o
(111) the performance limitations, if any, de'termmlnp' tho
- boundaries of the performance reglme of the H% v.%
plane. : ™MD
Dealing with these in order:
(1) The mass ratio of an isentronic divider (pressure—exchanger or

otherwise) can be expressed as a wnique function of P%mo and P%M'
o]

by suitably modifying equation 15.2—€ of Appendix II to suit the

]
1 —:/9 [1 — (—g:ﬁo)ﬂ

isentropic case:




-

Evaluation of 15,7
on

tre Bz PL% plane.
Mo MO

(11)

4 :
-1 allowed curves of constant ,3 to be drawm

If the wave processes in a pressure—exchanger are wholly

isentropic it is in prineiple vossible (15) to mark the state points

on the corners of rectangles on A - WU, or dimensionless o(—7 diagranms.

This procedure is well Imown and will not

restrictions are discussed in 4.,2.1.
diagrams. ;
/
w4
-
t —= M b
Z ,

Skete

be further elaborated;

hing the £—X and «(—7

24

<

x

From the geometrv of the oK —}) diagram;

Ay— 0w = (?‘75_—') [YM - %] 15.3.2
oAy —K = (12—1) [ZH —*'Zt_] 15,3-5
2= 1 15,34

It was found convenient to expedite the calculations by

spocifying the sonic velocity at static conditions in the low pressure

port as the reference state, hence:
A= 1
7Z.L.: ML_
(O

.

o

_%.
B

|5

The following equations were obtained

relationship between static and starmation

steady isentropic flow:

15 526
Y5 3=7

15.,3-8

by involdng the well-known

pressure and !ach number for
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v
=l ¥—1 pME
2t
Be __,gt .—T'J_-:—‘Mg— 15,39 Lol +}—M';_ 15,310
pm M| | +-—2-—_—MM PMo PM l_' '+""';T"|'Mm

- Appropriate use of equations 15.3-2 to 15,3-10 inclusive. _ailluwed
, - P :
curves of constant Mach number to be drawn on the %Ma - _P“" Yo

plane.

(111) The flow Mach numbers in the outlet ports cammot exéeéé.’@ity
because the incremental expansion waves which would make the flow
supersonic cannot advance into the cells of the pressure-—exchanger.

To test if there was & medium pressure port Mach number corresponding to
a maximum attaineble %7{4 iy equation 15,3-8 was differentiated
w.r.t. My and equated to zero. An expression involving My and
Mu was first substitubed for % in equation 15.3-9. The
substituted expression was derived, after some algebra, from eguations

15.3=2 to 15,3=8 inclusive, The modified form of 15.3-8 became:
2% ¥

x ——
R et ; eSS0 15.3-11
Ro  [Mut+5 ] L +58M

differentiating 15.3-11 logarithmically and equating %to zero:

P
RdiE s L ¥ - =0 15512
PodMe  @Ma+=] [ HEMS
hence from 15,3~12: My =1 15,3=13

Clearly this must be & maximm, hence no greater value of P%
Mo
can be obtained for a specified MH than that corresponding to MM =1
The pressure—exchanger divider ifsentropic performance characteristics

are presented on Fip.12.,1-1,
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(b) Pressurs—fxchanzer Tgualiser

Following & nmenerally similar procedure to that used in section

(a), and sub-dividing the study into three parts.

(1) The enthalny ratio of an isentropic machine is given by rearranging

equation 15.2-22 of Apnendix II to suit the isentropic case, namely:

§*=[ 1 z(%@*%—'] 15.5-14
Mo\ ¥ _ 1
Fo

(11) Constructing the £ —X and < —7 diagrams for the equaliser

’_\A\\\ LINES OF CONSTANT

MACH NUMBER.

arrancement: 2

extensicns of the X — 1 diacram
it can be seen that, apart from the gign of the LP Mach number, the
Mach number-stagnation pressure ratio relationships are the same for
egualisers and dividers. Separate calculations were however carried
out fof the egualiser case the results being used to check the divider
cycle caleulations previously described. From the geometry of the

equaliser X — "] diagram:

= [ X=I i
Am— KL = (—i'—> [?M \ZL] 15,3-15
XH Xy =(1—§—'-) [2»4 — Qn] 1543-16
L=, L 15.3-17
It was found convenient to specify the velocity of sound at statie

conditions in the medium pressure port as the reference state, hence:



Ay = 1 154318
ity = My 1543-19
= B
L e o : 154320
= 15,321
[

Usine equations 15.3-15 to 15.3-20 inclusive and also equations

15.3-¢ and 15.3.10, curves of constant llach number were constructed on
R R
the ubo - ”°P plane,
Mo Mo

(111) The isentropic performance of an esgualiser is essentially
limited by the restriction to sonic or lower gas velocities in the
medium pressure outlet portse. The reasons for this are the same as
those ziven in (a) (113 of this Apnendix, With MM limited to a
maximm value of uwity, ML_ and MH are auvtomaticaly restricted to the
same upper limit by the geometry of the X —) diagram.

The performance characteristics of an isentropic vressure—exchanger

ecvaliser are shown on Fiz.12.1=10.

e



15.4 APPENDIX IV

SIMPLIFIED .THEORETICAL TREATNENT

The purpose of this ippendix is to explain the derivations of

equations 4.3.1 to 4.3-5 inclusgive,

The Generalised Enerzy Equation (Equation 4,3-1)

Following the pattern set in section 4.3, the energy equation will
be deduced for the regions lving within the boundaries shown in the
upper sketches, The lower diarrams illustrate the forms of pressure

ratio and temperature ratio changes across possible waves:

CASE 1 CASE 2

A4

My <My Ms > Mo
00 ~
O N o~ /,
oR V :;‘\‘ /Xf
% ;
o) 0.0
oD 0@
o~ B o- 7
N Z
N . OR
4 = o
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The derivation offered here is in a form directly applicable te
Case l. .

Equation 15,4-1 may be obtained from application of the lst law
of Thermodynamics to individuval cells passiné through the bounded
region shown on the sketch, and mulbtiplying both sides of the
resultant expression by the number of cells passing a fixed point in
unit time. Alternatively, the same result is obtained by writing an
energy equation for the system, bearing in mind that fluid at states
(1) and (3) is carried across the boundaries in a rigid.assembly of
cells of constant volume, hence, cancelling the whirl component of

kinetic energy throughout:

4 + Gy, + MUt + G T+ m,_u c,,m4u4+m¢_f+cvm31;+m3u3 15.4-1
¢

Where év is the rate of heat transfer from the pressure-—exchanger
structure into the rsgion enclosed by the boundary.
From the assumption given in section 4.3
T? = Fi ’ Uy = Uy , T = —EL ,
B=B, e, T-F | -
Continuity: m+ M, = Mmy+m, 15.4-3
Dividing 15.4-1 by C,M,T; , invoking the continuity equation
15,43, and making use of the assumptions 15.4-2, the following result
is obtained after some alpebra:

= [ e - l:H’ —"] 15.4-4

K[.*__Ll_z.__ . Hgs s
T

2¥C,Th 2XCy Ty

Where E %ml-ll-

Noting that,to be consistent with assumption (€) of section 4.3, the

pressure wave has been considered to be infinitely thin and hencé; A-,_"-: Py



181,
Also invoking the well-lnown steady flow expression for mass flow

allows the following equations to be written:

Hig _ Ahabs | BT U,
m, A Ul Ay Pa Ty U
. M, BT
Sy SR A e 15.
m, [PJ: uL] .
The following eguation is obtained after subs’citutiné 15,4-5 in’
15.,4-3, dividing by M, , and rearranging:
e i
m
= =
14 = = i i . 15.4-6
BTe Uz
Because the volume of each cell remsins constant,
e . B 1544-7 '
m, |
It may also be shown that:
uz i X(E—_—-—'— Mo
m 9 ol 15.4-8
<5 2
LS TS (B Sl YV 15.4-9
Z2a b

Haking substitutions from 15.4—6 to 15.4-9 inclusive in equation

15.,4-4, the following result is obtained:
P °
G-i-%] —a |

X[(l—}— M) | +x§_—-imz);ﬂ : [,__

This is equation 4.3-1; ecquations 4.3.2 and 4.3-3 follow {(after meme

alrebra) when M,_ and M4 are respectively made egual to zero.

“hen M, =0 equation 4.3-2 is obtained:

- x[—t— “'M..,] —(¥—1 )%

Yhen M4'O eguation 4,3-3 results: -

X Mz +¥ —=¢ | =(-0)-Q

"
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A

BEquations 4.,3~1 to 4.3-3 can also be obtained from a similar
analysis applied to Case 2, The input information for evaluation of
squations 4.3-1 to 4,3-3 is shown on Figel5.4-1 to Fig,15.4-5

inclusive.

Derivation of lguation 4,3-4

Equation 4.3-4 used for evaluatine B was obtained by making use
of expressions sstablished in the course of deriving equations 4.3-1
for Case 1 or Case 2. The divider oyele was accordingly split into Ffive
component parts involving only single pressure waves. These have been

labelled T to T in the ascompanying sketch:

/]

M
@ cAse 2 (Ma=0) ®

- ©

CASE 1 (M1=o)r :
777" @

@ CASE 4(Ma<Ma) CASE 1

e @ /

@ CASE 2 (Ma=0) o
7777

R
¢§
B

<% \\\\

As explained in the main text, an expression forﬂ was required of

the form:
/3 = 1 Al Lh_L
Ma
or, since l’hR = ﬁ‘lz—i—— ﬁln(m)

and Me = Th]!-’r-"hz

L kit 115.4-10
a2 mr+v'nm..a]
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Substitutien in 15,4-10 of suitable expressions in terms of pressure
ratio, temperature ratio and Mach number allows equation 4.3—4 %o be
obtained. In the interests of brevity only an outline of the ma.in
points of the procedure will be given.

Reference was made to various portions of the derivations of

equation 4.3-1, based on Case 1 and Case 2, to abstract various
expressions involving mass ratio. These expressions were rewritten, often
after rearrangement, in the notation of the divider cycle diagram given
here. This process led to the following results:

For region I: from Case 2, ( M, =0 )

m _ BT L 15,4-11
' RTa
For region II: from Case 1 { Msy<M,)
. 2L [BL ]
M) _ Ba L 15.4-12
R g

For region X: from Case 2 ( M4_= O)

My (BT . 4 15.4-13
Mg R

For region I¥: from Case 1 ( M, =0)

Wy RE|RE - 15.4-14
me R [RK

Because Pn = pE , and the volume of each cell remains constant

W | 15.4-15
mn TE
Honece from substituting equations 18.4~11 to 15.4~16 inclusive

o

in 15,4-1C, the following result is obtained:
7

BT 1
1 B E’E
B[l —/E
P ‘_-1
D 'B e Mb
\ B. T Ma 7

94
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This is labelled egquation 4.3~4 in the main texzte.

Derivation of Bouation 4,3-5

The expression for S wes obtained by a similar procedure to that
given in the outline of the derivation of 4.3-4. Using the notation
shown on the diagram in section 4.3.2, the following result was

obtained:

e BLE o, 4

& R
mH HO —Eo E %‘E _—r—_B S 1
A

\ - PJ /

2. ml, . B.0h

Tx
M
M

5‘0
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15,6 APPENDIX V

THE ADAPTATION OF THE MBTHOD-- OF— CHARACTERISTICS

TO THE STUDY OF DIVIDER & EQUALISER CYCLES

The purpose of this Appendix is to provide derivations of the
equations stated without proof in section 4.4. The Appendix is
divided into four parts, each dealing with a specific aspect of the

adaptation and extension of the method-of-characteristics.

I. Characteristic Caloculetions:

Object: to provide derivations of equations 4.4-1 to 4.4-4
inclusive, and to list Jemny's boundary equations.
The diagram shows an array of ports in the endplates of a pressure—

exchanger. The port arrangement illustrated is arbibrary:

%
mi o T /m
2.

Subsoripts (1) and (2} refer to the times an individual cell
communicates with and is eub—off from a particular port. Hence
application of the 1lst Law to a cell passing through the bounded regionm,

in the direction shown, leads to the following result:

[Z MmCelz dtjl' s Mm ol £ mu) dtl = chT T

154,5-1



where M refers specifically to the mass {low passing into or out
of an individual cell, and subscript Z refers to the stagnation
conditions in an inlet port.

’ = . - 4 '

Agsuming CP is the same in all ports, C, =Cy, R =R

3 .Pl mIT/
noting that for cells of constant wvolumes C/ﬁ = C%T\T then
clc

division of 15,5-1 by the original cell internal energy, McCy Ic,

1V‘BS :

[Ehdt [/ +q>_zmrﬁ%T_)At’ "L[P '"1] 15452

~ The notation of equatlon 15.5-2 may be changed to that of the
state, wave, and boundary diagrams by substitution from the following
definitions, etc.

For filling and emptying processes:

« = % 15.5-3, 7 = L 1554, M - RAL 1555
Qrer 1 SEr e
For £illing processes only: — -
: in Jenny's
M,z = L PR 15.5-6 . GReci
Qz/oz Ac Q—Z./Q g.f notation
For smptyving processes only: , L
3 1
t : . 6, 7 ey
M+ = — 15457 = f
= O—os/oos Ac a°3/€5% notation
S s

Bearing in mind that, provided choking does not occur, the actual
flow Yach Ho. of fluid leaving a cell during opening or closing is M%,
substitution of eguations 15,5-3 to 15.5~7 in 15.5-2 leads to the

following result:

T e Y

INLETS OUTLETS
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Setting °/§ = 1, and restating 15.5-6 in the specific
c

terms of a divider cyvcle gives:

ﬁ’lozmdzm(&)d'f ﬁfl 04(;1)[4_!- iJch’ ﬁ/ﬁxﬂ [ 211 ]dr{_

15.5“9

For egualisers:

e oton () T Uﬁﬂ““(%) d - f. “M@[ﬂ“%ﬂé%;"j‘mo

15.5-10

The results 15,5~2 and 15,5-10 are those labelled in section
4.4,3 as eguations 4.4-1 and 4.4-2 respectively.
The mass ratioﬁ for the divider cycle was evaluated, for reasons

given in the main text, from t‘le rel&tlon-

/mM dt ﬁh dt

B = dividing
_/-mm d.t
numerator and denominator by M sives:
l1 ;
m ;
/5 5 1 G ___/l.ﬁ_—:gd_f 5e5-11

By use of eguations 15.,5-3 and 15.,5-7 and the isentropic relations,

equation 15,5-11 may be transformed into ths following result:

[ I‘ZJLdL(%)yKdrr 15,5-12
S an{B A

Bguation 15.5-12 is quoted in section 4.4 as equation 4.4-3.

B=1

The enthalpy ratio for eouallsers is defined in integral form by:
< / m'—cﬂ-—';h dt 1545-13

On the assumption that CPL = Cpy » the same substitutions as for

the divider case lead to the resulti:
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' s ﬁmxu( )d"(
Meten(B2)d Y

This result appears as eguation 4.4—4 in the main text.

15.5=14

Simplified forms of equations 15,5-8, 15,5-10, 15,5-12 and 15.5-14
were devised for caleculations involving infinitely narrow cells. The
expressions were derived in a similar way to those for fimite width
cells, except that eguations 15.5-6 and 15.5~7 were replaced by the
definition 2 = %_REF , 8nd use was made of isentropic relations.

The thin cell rssults for dividers arecs

P R e A B A B B T

1545-15
. LB
£ B=1 ‘/’Z‘(%_)VH’T 1545-16

For euab sers:

gk VR [t e T Blrsr-o

2 szF ["' _(lﬂldq’ .
o

Bquations 15.5-15 to 15.5~18 replace the finite cell width equations

15.5-2, 15,5-12, 15,5-10 and 15.,5-14 respectively.
Jenny's boundary curve egquations are, for the sake of completeness,
listed here. Differences between the notation used in this work and

Jermy's notation are signified,

NB, SyMBoLS O ,U & P WITHOUT SUBSCRIPTS REFER TO CONDITIONS
IN THE CELLS, CLOSE. TO THE PLANE OF THE PORT,



(o)

Cell filling, constant ¢’ curves:

Sub—critical pressurec ra

. e
1-%%2)’- el

Super—critical nressure ra't*OS'
_ B v a ) )
| 1‘(—*)

| Cell f£illin », mags flow characteristics: o

Super—critical pressure ratios:

Moz = Qﬁ(—?:-)%‘ﬂ’s 15.5-22

B+1 )

Cell emptving, constant ¢ curves: (!B, Jeany's symbol P

by F’s o

Sub—critical pressure ratios:

&) == -]

Super—critical pressure ratios:

_Q. = ..QL&Q.&N&;: CONSTANT
a QCHOKING

Cell emptying, mass flow characteristics: \

Svb-critical pressure ratios:

Mz = ¢/X_2:_l_ [(a%j—l] +(Cltj'] 15.5-25

71"062‘—0“1t10a1 Pressurs ratios: X+l

N

=
5 = Clog O.Qs CHOKING

Lguations 1%. } To 15.5-26 werc those used to establi

Fi@alde Some of the expressions are guoted in reference (o),

sh «
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13.5~19
1545~20

Moz renlaces

Mo =< )H)gé %[(%)ﬁ)“ lj] 1?.5-.%1 >

Jenny 's

Gsec

az/ggf

is replaced

g replaces
Jenny's;

Gsec

%os R 3F



reference Fiz.23 of Jenny's thesis apnears as Fir.3

IT. Correlation Between Cell & Duct Flows

Object: +to form isentropic relations between flow conditiocns in
the cell ends and the assumed steady flow in the ducts of the machine.
Two analyses are given, {(a) for fillinc, the other (b) for emptying

processes:

(a) Tilling Processes:

The diagram shows an inlet port serving cells of finite widthe The
times at which a cell first communicates withyand is cut—off from,the
port  are given the subscripts (1) and (2) respectively.

"VELOCITY PROFILE (Moz)

2 CLOSING COMPLETED

te

CLOSING COMMENCES

&
t Y OPENING COMPLETED
Y L OPENING COMMENCES
! 777777
v
0w

From the definition of Moz E_—‘ , Wwhere M 1is the mass

L
Qzﬂ Hc
flow into a cell:], the total mass entering a cell duringg filling

procass is given by:

7 Z
m =/r'ndt = 0-2/0; F\C/Mozdt 1545-27
1 i

(]
Te N l}l/t]colls pass a fixed point in unit time, then the duct
c
mass flow Mpuer 15, after invoking 15.5-27, riven by:

~2
Mauer =AU Ap =914§—H—C—/‘Mozcl.t- 15 45-28

Takingz the thickness of the cell partitions into accoumb:

KA. = A, %_ 1545-29
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From the energy ecuatlon-

| + 15 45-30

Dividing 15.5-28 by a s rearranging, substituting from 15.5-29
and 15.5-30 and expressing time in the usual dimensionless units, allows

the following result to be obtained:

M = K{ }L i /M = 15.5-31

1545-31 is the result p-;iven,as equation 4.4—11 in the main text.

(b) Emptyinr Processes:
The illustration shows an outlet port; as for the previous case, the
time limits are marked (1) and (2).

VELOCITY PROFILE IN CELL ENDS.
2%( CLOSING COMPLETED
XL CLOGING COMMENCES

f 1t

Rt
alyikp
t 3 OPENING COMPLETED
V7777777777 OPENING COMMENCES
i
w

Mass removed from smpe cell traversing the port is:
= /';ou_ A, dt 154532
Hultiplication of 15.5-32 by the number of cells passing a fixed

point in unit time gives the duct mass flow n'\m,c.,. y 1eo0

2
L L. _%af/’udt = & 2y, ty 15,553

Myyer

From the 2nd and 4th expressions of equation 15.5-33, and substituting

for Ap from 15,5-22, the fellowing result is obtained:

K(p) Wy EI 15.5-34

The energy equation, CPT + %— = Cp o+ U;_“' » after invoking

the isentropic laws and rearranging, leads to the result:
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il
. (1;_"“‘_ |+ ()M
= O

o : +(3:-1)M,:,' 1545-35

Substituting in 15.5-34 for é!— from 15.5-35 and dividing the

resultant expression by Q. gzives:

£ 15.5-36
tp

Replacing tq— and tp by the dimengionless counterparts leads

finally to the result:

Y+1
kal ﬂ!‘l)
o '+(X£')M M A, .
M —K I_'_(XZ_!)MR':_ AV '——“/rP 15,537

Bouation 15,5-37 is the result aprearing in section 4.4 as equation

444-12, Due to the nature of the definition of Mg s 4.4-12 is almost

exact if Mgv is obtained from integration of the M's': profile, i.e:

z‘ -~ 50 7
MRV q/T :/M; d,]/ 156538
‘ i

15.5-38 implies that /g’,, is in fact taken to be equal to the density

in the cell ends when these are fully exposed to the port, ie. /A&y = /&2,

Equation 4.4-12 is applicable up to the onset of choking.

IIT. Leakage Effects: !

Object: +to derive equations 4.4-13 and 4.4-14 quoted in section

4

x

«4.3 and to explain the application of ths generalised leakage theory

to equaliser and divider cycles, The work is divided into four sub-

sections:

- .
(&) The prediction of E/ﬁ when leakare effects ars present
file
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L
(b) The effect of leakare on the mass flow in pressure~exchancer ducts
(c) Application of the lealmare theory to dividers

(d) 4] n n L 1] " equalisers.

/
» . PC ™ A
(a) The Prediction Of /E then Lealape Lffects Are Present

Applying the 1lst law of thermodynamics to cells passing through the
region in which leakage is presumed to be concentrated (see diagrams of
the leakage models for dividers and equalisers) leads to the following
expression:
N (mc"l; - m’;{;’) e et — CPZml_'Z 1545-39
Hhere: YhL is leakage mass flow (+ve, into cells),
—E is stagnation temperature of lealage flow.

Substituting in 15,5-39:
me-BAL . m RAL . - Oae
T e L
and dividing the resul‘t by RAL C/R dves:

-t

Kearton & Keh (10) showed that for a "simple" leak up to and including

L
A/EERT R
m, = A C\/(X—I)RT [:(PL ) 174541

and for leakape past a labyrinth:

™, RC._/:%(PL" n.>l 15 ¢ 5—42

AR

For equations 15.5-41 and 175.5-42, which are written in Kearton &

.__':‘_J
0|70
d‘.D
D
8

choking:

Keh's notation:
B. = static pressure at the discharze of a simple leak
R = (effective) starnation pressurs at entry to leak

static pressure dowmstream of last ( mth} labyrinth
in a labyrinth seal.

Y
]
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FF = funetion of Pl/Pn ; this function is displayed,
for stagrered labyrinth seals, in Fig.14 of Kearton
& Keh's paper (10)

N = number of stages in a labyrinth seal,

Ay = cross—sectional area of leakage path.

C = discharge coefficient of a "simple" seal.

Cl_ = mean discharge coefficient of a labyrinth seal,

Substituting 15.5-41 and 15,542 in equation 15,540, and

R £ A Ty YWY Ry

The first expression on the R.7.S. of 15,5-43 représe’n’cs the
contributions due to simple leakage, the latter part of the RHS sums the
effects of leakage past labyrinth seals.

The usefulness of 17,543 can be enhanéad if the factors A%c are
expressed in terms of the dimensionless geometry of the pressure—

exchanger, defining:

r]/ = distance, in dimensionless time units, between adwacent ports.,

(axial) clsarance batween the end of the rotor and adjacent port
face,.

d = (radial) height of the cells.

b = mean (circumferential) breadth of the cells.

L = (a.x"lal) length of the cells
:1' 3 . — A = d R = '&- 5' -
Also defining: L= = 7 =F 0 1 15,5-44
For radial lealage:
L% — @i b hence, invoking the definitions 15.5-24

T 15,545
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For circumferential leakage:

| .%1: == %’: hence from 15,544 ,
e L 15 .5~46

H H

n 15,543 gives:

—§ o)Lt C%u[f-f ] e -]

15.5-47

Substitubing 15.5-45 and 15,

This is the generalresult 4.4-13 quoted in section 4.4.3. The
equation is so arranged that leakage into the‘cells is positive.

Wave diagrams for complete wave cycles, which have been constructed
for the leal—free bouvndary condition E;/%L = 1 can be modified; by
re~interpolation, to suit the valus of F;>/%é obtained from 154547,
Alternatively finite difference eguations may be used; no further
reference will be made to these as their use appears to offer no
advantagés over the re~interpolation procedure, despibe involving more

labour.

(b) The Effect of Leakapge On the Mass—Flow Im Zressure-ixchanger

Changes of mean stagnation temperature in the ducts inlo which
leakare flowed were ignored. For cycles involving only small temperature
differentials the effect of this omission is only of second order
importance. The simplification was made to avoid complications arising
from the application of isentropic wave theory to thg study of wave
cycle performance.

Therefore, for the purposes of the theory, lsalkage into or from
a duct is merely assuméd to increase or decrease the mass flow thersin.

A means is thus required for evaluating the leakage mass flows
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Since; —Z—nl— = Z-.&- = E—_ﬁh_-m
me

Mc. N M,
O I, By oo 15 .5-48
Me N(P

Invoking equations 15.5-41 and 15.5-42 and making similar

substitutions in 15.5-48 to those made in the previous case:

I qhbeCe/z (BB + st ElRY ]

15.6-49

or, after substituting 15,545 and 15.,5-46 in 15. 5—49'

Zm o Z( HP _;K; 'T/ °(c. ' EP
T =T bl e B, . S L Pz + )ﬁo(LC HXP}‘%

15,5-50
hquation 15,5-50 is the result labelled 4,4-14 in the main text.

Specific lealage calculations are described in sub-sections (c) and (d).

(e) Application Of The Leakape Theory To Dividers

The purpose of this sub—section is to desoribe the application of
equétions 154547 and 15,5-50 to the leakapge model illustrated in section
4,4., and to feed into the equétions geometry data, etes applicable to the
Power Jets machine.

To simplify the computational‘ procedure all leaks in the Power Jets
machine were regarded as "simple" or non-labyrinth leakss It was also
assumed that the pressure in‘ the leakage gink was equal to the static
pressure in the low pressure port; this approximtion roughly corresponded
to the test conditions.

In order to reduce ‘che number of repstitive calculocations the function

p g2 g
éﬁ,x. was evaluated over a range of L/éc o @L,x is defined thus:
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G /5|8~ )]

Fiz,15.5~1 displays a curve of @L,x versus Pl/‘éc up to the onset
of choking.
>For the Power Jets machine;
A = 0.06
AN ~ 0.20
L =  0.0006 (i.e. 0.007" end clearance)
Agsuming the flow coefficients for all leakage paths are identieal,
then from Snow's contribution to the discussion of Kearton & Koh's paper (10)
C~ 0.8

H.Be. Snow showed that C was to some extent a function of
pressure ratio.

Taking 'T: to be the same as for the finite cell width wave diagram

calculations::
.= 0ut
Thus feeding the apnropriate numerical data into equation 15.5-47
also noting that radial leakerse occurs at both ends as well as at the
top and bottom of each cell, thean for ocloselyv pitched sets of ports
( 'TZ = '12 }, equation 15,5-~47 becomes:
b Ei o.oo:;.s{2«=<,4 % @H’C + Xy %@H‘c—i-og_% @;,c}"' 0-0067(7;&4)%%@

Bl

Equation 15.5-51 is therefore the particularised form of equation
4,4~13 applicable to divider leakage calculations. Keferring to the
diagrams of either the real situation or the simplified leakage model;

the first term in the .R.H.S. of 155-51 accounts Por leaks 4 & Ur

the second term covers leak € , and the third Yerm accounts for leak f.

-
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The last term of the expression embraces tho combined effects of lsaks

(2} and (6 ) occuring at the tops and bottoms of the cells.
Particularising equation 15,5-50 to ostablish the mass flows

leaking from or into the low, medlun and high pressure ducts produced,

using the same mumsrical da a as in the previous case, the following

results:

Lealage into the LP duct;

A e bpey X f=c Pu.é B 6 15,5-52
Me/ip Xm Pe ML = Pc =
Leakage from the P and HP ducts respectively are given by:
, o< i
m MP M 'C
Er‘; = -?ﬁﬂ--a- 0-0064 @HC‘F 0-0048 rrH @H,L} | 154554

These equations are the reguired special forms of 4.4-14,

It should be noted that 15,552 is not based on an assumption that
all the nett leakare from the pressure—exchanger is ducted into the LP
tract.s As mentioned earlier, it has bsen asswmed however that the
lealago sink was maintained at the static pressure in the LP port, and it
is this fact which accounts for the omission of a eontribution due to
leak (1) (sec leakage model) from equation 15,5-52.

Mags ratio B undergoes a two—component change as & result of
leakares One portion of the change h;/g arises from modificatiens to
the wave cvcle because, in the general case with leakare present, P +R.
The other contribution Yo the departure from the value of the leak—-{ree
mags ratio is the resqlt of lealmge into or from the ducts of the
machine. The combined effects of leakare on‘/g were taken into account

in the following way:

Defining; f: = (z_ff‘l_,)up . f;___—:- (Z!T]Q)MP

mH mM
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then it may be shown by suitable substitutions in the right hand

sides of the definitions of )q and f,_ that:

(B,
_)(54+ °<u(¢{yyckf 1545-55
J{ - (%“) | 15,5-56

Pz X (BT

Remembering that leaka"fe hag the effact on the mass flows deduced from

wave diagram calculetions, of decreasing the HP flow, and, due to the

supply of extra fluid to maintain the leaks, increasing the LP flow:

+
/5 (vwith lealmge) = ___) A 1545=57
(l +£)

where ﬂ is the massratio predicted from equation 15.,5-12, using data
from a wave diagram modified to take account of leakapge.

Evaluvation of equations 15,5-51 to 15.5-57 inelusive allowed the
effects of leakage on divider cycle performance to be determined. Such
calculations account for the differences between the performences showm

on Fig.12,1-5 and 12,1-8.: Some of the equations were specially

simplified for leakarge predictions in the region close to P"% = P'}?{:l
: Mo Mo

(d) Application Of The Leakare Theory To Louslisers
p

Equations 4.4-13 and 4.4.-14 were particularised by similar
procedures to thoée used in the previous case. The special form of

equation 4.4-13 for the equaliser case is:

l} -—%:I = [00045{2_0(" %@M.C-F «H%— @H,c—'o(céc,}-—l)-0067(Tz+0‘4>°<c éc,n.:l

15.5-58
The term 2 Xy %@“m equation 15.5-58 should be replaced by
<

AR @c,m when -Et<1 : this situation corresponds to a reversal
> .

of the direction of lealmge when Pc excesds PM .
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~ On the assumption that é.ll the nett leakage flow was conducted into the
low pressure intake, and bearing in mind that the leakage sink was
vassumed to be maintained at the static pressure in the LP inlet, the
specific forms of 4e.4-14 are:

" Leakape into the LP intake: ’
) —o. e B F o R R
(’rh—t)u:_o 0032 °<c{;(‘§ 7 J@c‘}‘*o 004804.-.@‘1‘”% @r LR, +(1.r04) CL}

Leakagre into the 1P ducts

(_Zl‘.l._> = 400064 Pcn -—- —ih’f QM} | 154560

Me /mp

e 32 BOoSR replace in the first
Ciy L M

term of the RHS by — 2 ‘P;‘ @M.a
<Xm e

Leakage from the HP duct:

X_“'l = 94: %-{0-0032 (éﬂ,c + é..,,_) + 0-004.8 rru éH,L 15,5=61

Me JHp Ap fe

The effect of leakage on enthalpy ratio Q was determined by

a similar method to that used for finding the value of ,B with leakage

present.
Defining; f; ;__-(Z“_’_ﬁke : f = ‘T]l . : then
an * my

by suitable substitutions:

4 )g (%(Zf%)%&ou o (%s>d”l’ 1545-62
£ %&7@?‘)"//; - (%n) a7

+ 2 S
Thus where 5 is the value of § deduced from equation 15,5~14

154563

using data from a wave diagram modified to take account of leakage then:

. g _
S (with 1eakmge) = §%:zfl)). 15 . 5-64
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Evaluation of equations 15.5-58 to 15.5-64 inclusive allowed the
performence showm on Fig.l2.1-14 to be derived from that on Fig.l12,1-13
Specially simplified forms of the cquations appearing in bthis sub-—

section were used to extend the prediction of leakage effects to values
- of Ri% and P% close to wity.
MO ™Mo

I¥. Viscous Effects

Object: <to provide quantitative expressions meeded for executing
the Pour-part procedure deseribed under the heading "Step (5)" in
section 4.4.3; the system of nmumbering accompanying the description

given in the main text will be adhered to.

(I) sSteady flow pressure loss in one cell length:

For the Power Jets machine:

.

wheres L = cell length

1245

hydrauwlic mean diameter of cells = 4 X C.S.A,
. Hetted perimebéy.

Dm

From "Technical Data On Fuel” (1¢) one velocity head is -los;t;.'in
approximately 62 diameters wh@'&‘the pipe bore ig fairly smoo‘hh %0.002,
Rselative roughness = 0.0004).,  Henoe number of velﬁcity ’zﬁaaiélg ;idét in
one cell length is:

; 12.5
S(CELL) = L2 = 04202 cell velocity heads.

(1I) Steady flow présaurs losses at cell entry and exit:

Because the edges of ths eell partitions of 'bhé Power J efb_s‘.ﬂvmchine
are wnstreamlined, the appropriate data is that applying to si;dt}en
contractions and expansions. From reference (20}:

For sudden contractions : S =O~5(i --K)

Sro ol expansions: S = (I i K)L
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Ythere, to correspond to the notation given in the reference, K shoula
be read as % whers Qa

A = # n 1&1'5;8}" "

C.5.A. of smaller section

o, ovndceting Baventey s xtt Leusss for Nhe L Rve
o
-value of K (= 0.862) applicable to the Power Jets machine:
S (BNTRE) =  0.089 coll velooity hedds .
SExr) = o0.019 " " "
(iII) Total frietional losses for fluid entering or leaving ceilaz
Total lo. of velooiby heads lost in filling = S(II‘-I) wheres
Sav) =~ S(mrry) + +S(eriL) = 047
Total No. of velocity heads lost in emptying = D(OUT) whore;

Sovr) ~ S(sxr) + 3 Stem) = 0.2

(Iv) 1odification to the duct total head pressures to allow for

frictional effects:
S

Yhere Po = Total head pressure without allowing for viscosity.
R e e n n with viscosity effects insluded,

Y P = static pressure in the cells.
*
For inflow: % = 17 [T%—l] + : 154565
*
For outflow: - % = O'SSI:FO/P—I]—F | 15.5-66

These results allowed the total heads in the ducts to be computed
when friction was taken into account. Ié is emphasized that the statie
pressures appearing in equations 15.5-65 and 15.5-66 are those oceuring
in the ends of the cells, not in the ducts; they are therefore the
pressures corresponding to the average flow conditions in the cells
traversing a porte The appropriate cell Mach numbers were camputed

from use of equations 15¢5-31 and 15.,5-37 with K = 1; the values of
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g
B/f, corresponding to these Mach numbers were obtained from tables
of the well-known steady flow isentropic relationship between liach

number and pressure ratio.
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_ Fl6e |5¢5=-2
SCALING DIAGRAM FOR LINKING BOUNDARY CURVES
WITH PORT CONDITIONS
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A STUDY OF FIQW IH THE PORTS OF

PRESSURE—EXCHANGERS

Elsewhere references were made to the presence of statiec pressure
gradients in the ports of the pressure—exchanger, typical examples of
‘these ares shown on Fig.l5.6-1. A special subsidiary study was under—
taken to investigate the reasons for these phenomena; an outline of the
methods vsed, and a statement of the main conclusions form the contents
of this Appendix.

To establish the basic flow pattern within the ducts of the pressure-
exchanger it was assumed that the flow was essentially steady, two-—
dimensional, and incompressible. The assumption of steady flow is
usually made when considering flow in pressure—exchanger ducts. The
flow could justifiably be rersarded as two—dimensional if the radial
pressure gradients were small; these are predicted in (a). The
assumption of incompressible flow seemoed warfontable.from experimental
evidence (see FigelS5.6~1).

The method of prediecting the flow pattern within the ducts invelved
determining, by a relaxation procedure, solutions for the Poisson

equation:
2%

2. .
ax?_+ BYL §("’) 15.6-1

The solution for each problem was conveniently drarm as contours
of constant ¥ (streamlines) on a plan of the duct. Pressure
digtributions were established by apnlication of incompressible Bermoulli

along the streamlines., The application of relaxation methods to outlet
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ducts including the fitment of boundary conditions is explained in (b)

Section (e¢) covers the prediction of a pressure gradient in an

outlet port for comparison with an experimental result; +the comparison
is shown in Figz,15.6-3; Section (d) described the adaptation of the
‘method to the study of flew in dn inlet port, a comparison between a
theoretical and an actval result is shown in Fiz.15.6-4. Fig.IS.G-e
illuatr&tas the outcome.éf a2 simple experiment desipned to confirm

that the static ?ressurevgradicnt in a port eould be influenced by changes
in duet geometrv. As can be seen the sign of the change was that which
would be expected from theoretical considerations.

It was concluded from the studies that the observed static pressure
gradients were, in large measure, a consequence of port and duect ceometry
this being particularly true for outletses The analysis did not attempt
any close marriage of wave diagram and steady flow two—dimensional
calculations at the plane of the ports. Such a procedure would have
been tedious, but would have allowed the theory to include factors omitted
from the analysis reported here.

The static pressure gradients appeared in general %o have an adverse
effect on the machine's performance, particularly by restricting flow near
the trailing edge of outlet portse The guantitative effects are
probably best determined by experiment.

The methods used in.(p) and (d} 8llow the likely two-dimensional
steady flow performance of‘ducts to be studied during the early stages of

design.

(a) Radial Pressure Gradients:

By integreting the equation of forces acting on a particle in a
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forced vortex field in an incompressible fluid:

P — ﬁlﬁf’[:‘ = oconstant : 5 15.6-2

Defining I and ¥, #s the minimm and maximm redii of a

cell respectively, also invoking 15.,6~2 and the well-}mm reiétionship

23 ﬁE‘l: , the following éqwation may be written down for forced vortex
motiont S )
Ak = BE=R g (f— ] 15.6-3
P B FERRT I .

The magnitude of the radial pressuré gradients existing :‘Ln‘bhe

pressure—exchanger can be found by evaluating 15.6-3 over the range

| = r/n = 2 » with dimensions, etc. representative vgf the
experiments;

Data used in equation 15.6-3 r/r AP%D 7

for evaluation of the table !

on the right: 1.2 04303
W=200JT rad/sec (6000 RPH) 1.4 0.661

T =300°K (Typical temperature) 1.6 1.070

I = 0.18£t, (2.16") ; 1.8 1.545
fo=taee. (asm) . 2.0 2,080

jees +the difference in static pressure between the toj) a.nd bottom

of a port was only about 27’ of the mean static pressure.

(b} Flow in Outlet Ducts Studied by Relaxation Methods

An equation involwving vorticity. §(\v) and the sgtream ﬁnic{:iqn- W

for a two-dimensional, iincompressible steady flow field is:

% BY g(w) , 1546-1
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where U=2w 15.6—4 and Ao kBN 15.6-5
DY 3X

and where U, V, X and Y are defined, withreference to the sketch, in

the following way:

- X

=

Ue =, V =

els

o X~ 2
w is the breadth of the port, W is the mean velocity of flow

A
normal to the plane of the port of area A ; i.ee W = fU d,n .
: o A

15.6-1 is readily amenable to sslution by relaxation methods if
§(w) is a constant, Constant §(v) implies that the wvelocity profile
. 1s linear in the region where V=O well downstream of the plane of
the port;

; 2
ieee if V=0  then from 15.6-5: %—;‘(i"— = O

and if; U= Constant + &y ¥ 15466
then differentiating 15.6—6 where fa.,) is a constant, and invoking

15.6—4:

Equation 15,6~6 clearly implies a restriction in the complexity of the
velocity profiles acceptable for easy theoretical solutions. The
particular case of §m=0 is that applicable to potential flow.

The general relaxation method is described in detail by Allen (1)

however three procedures for particular cases relevant to this problem

will be dealt with: >
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(1) Applioation of Boundary Conditions at Plane of Port:

» X

let grid 1a4 be centred on the Y axis as shown, point 4 is

a fictitious point lying in the region of the cells, by approximation:

_\L/}_—:_}_"_/&_ = (ﬂ) 15 ,6=7
2.5 dX X=0

but on the Y axis, at an outlet port, V =V and is a specified constant

corresponding to the rotor speed, hence:

—~Vip = (M) 15.6-8
3R f-o

using 15.,8-7 and 15.6-8 to subs'ﬁi‘bute for \.y4_ in the normal relaxation
operator, the residual Xo at o is given by
W+ Wa+ 2 (W4 sV ) —4 Vo= Sw=X, 15.6-0
Relaxation may then proceed normally using eguation 15.6-9 on the

plane of the port.
11, Boundaries Intersecting Grid Arms:

Y
T /{-B
Py 2

g

n

> X
Let AR be a boundary cutting the grid arm 0,3 at b , by

approximation;

Wa—W _ M—V 154610
s s
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substituting for 4 in the normal operator 15,6-11;

Ol 0
I -4t | =5 &m‘FXm 15.6~11
0 ¢ 0
the following equation is obtained:
""Vo . sk =
e LU e (_\ﬂ:__) Yy, ) §(1,,] Xo 1546-12

Relaxation may be carried out using the known boundary value \+lr‘

Equation 15.6-11 copes with ordinary grid points away from the boundaries.

111, Detached Flow:

The relaxation procedure cannot itself determine whether flow will
become detached or notse It may often be decided from the géometry,
or incompatibility of geometry and boundary conditions, that geparation
will occur.

Relaxation may be undertaken for separated flow, albeit with more
trouble than for solid boundaries, By taking the pressure in the cut-
off stagnant region to be uniform, it follows from applicatign of
Bernoalli that the velocity is constant along the streamliﬁe gseparating
the stagnent and moving fluids. Hence the demarcation, or free, stream—
line may be located by the relaxation process, any errors in the initial

location being automatically corrected.

(e) Application of Theorv to an Outlet Duct

The theory outlined in;(b) was applied to & particular case of
flow through an unfaired outlet duct lying parallel to the axis of the
pressure—exchanger rotor. Experimentally obtained tobal head and static
. pressure distributions were available.‘ The total head profile provided
input data for commencing the theorstical treatment by allowing &

guessed, approximately parsbalic, total head curve to be drawn.
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EXPERIMENTALLY
0B TAINED TOTAL HEAD
DISTRIBUTION

APPROXIMPTED
TOTAL HERAD
DISTRIBUTION

LOoCAL PRESSURE
PRESSURE AT L.H.EDGE

DISPLACEMENT ACROSS PORT 1o
Flow presumably becomes detached at the leading edge of the port,

Thig therefore imnlies that the static pressure at the leading edge

of the port is that prevailing in the stagnant fluid cut—off by the free

streamline, and hence is also the static pressure all across the duet

in the region of parzllel flow well dowmstream of the port., These

considerations, coupled with constancy of total head along streamlines,

allowed the velocity, based on the approximate total head curve, to be

calculated in the parallel flow region. A sketch of the linear velocity

profile is shown below:

A | .

0 e o
Prom the sketch and allied deta the value of &) was deduced;
equation 15,6-1 was then solved for this value of é&kﬁ the totel head
cmrve so obtained at the plane of the port was compared with the initial
guessed value. The guess;d total head profile was then modified and the
eyele of cﬁloulations repeated until the guessed and deduoedvtotal head

profiles nearly coincided, both being good approximetions of the

experimental result, Then this occurred it was found that, for the
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prescribed condition of () = 2V, 5@) =24,
The final result ig showm in Fiz.15.6-3; from the pressure distributions
at the plane of the port, shown at the foot of the flow patterm, it
can be seen that the experimental and theoretical static pressure profiles
“were very similar. The value of \< vas found to be approximately 0.4
for the results giving best agreement,
The theoretical treatment indicates that outflow ceases at the
point near the right hand wall at which the static pressure in the port
equals the total head pressure in the cells; bebtween this point and
the wall inflow ococurs. The stagnation pressure in the duct is
grester, by an amount proportional to the whirl eomponent of velocity,
than the total hsad pressure in the cells recordable with a probe attached

to the rotore.

(d) Flow In Inlet Ducts

The flow in inlet ducts may also be investigated by relaxation
methods, It is not always possible to justify the same boundary
conditions in the port which were used for the studies of the flow in
discharze ductise.

It appears to be reasonable to assume that the streamlines are
parallel to the walls of the duct at the plane of the ports This
assumption is presumably completely justified if the port is adequately
faired. It is necessary to make an assumption such as the foregeing in
order to specify the boundary conditiens across the port opening. The
method used for setting-up this boundary condition in a suitable form for

the relaxation procedure is shown below:



b
7

e B ™

};:::== Por stars centred on the
o plane of the port, geometry

. ;

P and linear intermolation cive;
3 °

Y, = (tand)(W — W) + ¥

The aporopriate residual egquation is then given by substituting

for Wi from 15.6-13 in the normal relaxation operator:

N e NLekE \V3+(V| — Nl tan® — A, — Stg(\?)zxo

in example of the study of irrotational flow ( §(w)= O )mns

divider medium pressure inlet duct is shown in Fig.15.6-4. The

219,

1546=13

1546-12

derived static pressure gradient was fairly similar to a corresportling

profile obtained by experiment.
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FI6.15:6-1
TYPICAL STATIC PRESSURE DISTRIBUTIONS
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FIG.15-6~2
EFFECT OF AFILLING PIECE ON THE STATIC
PRESSURE DISTRIBUTION IN AN OUTLET PORT
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IN AN UNFARIRED OUTLET
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-2V, Sy = +24.,

THE DUcT PROFILE SHOWN REPRESENTS THE PLAN-FORM

U=
OF THE DIVIDER LP OUTLET TRACTS.
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Fl6.15:6-4
THEORETICAL FLOW PATTERN FOR THE DIVIDER MP AND
EQUALISER HP INLET TRACTS

NB8: FOR THE THEORETICAL. CALCULATIONS IT WAS ASSUMED THRTg(‘P)’O.
THE DUCT PROFILE ILLUSTRATED CORRESPONDS TO THAT AT THE
MEAN RADIAL DEPTH OF THE DUCT WHEN THE PORT WIDTH =45,
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A\ VERAGIHG ATTOIETERS
PBACK Pl P:. ------ PT\-I Pn
b o

=Y p—

Let the displacement of fluid in the left hand tube e H (positive upwards)

and the cross—sgectional area be AR.
Continuity applied to rigzid pipe-worl;

HRH = AI hy+ &.I":."' Asha"' A A@.a)"‘@.i' Anb"'n
n
or ARH =ZA|" hr 15.7-1
r=i
Yrom hydrostatic considerations, where B is a constant depending on

the density of the fluid in the manometer:
R— Pancx = B(H+h, )
BR—Paack = B(H+hy )

E‘HTPWK = B(H-i—hk_‘))'
W Taack = B(H+hy )



n

hence : E(Pr = PBM:K) =R i(H + h,.) 15,72

~

dividing both sides of 15,7—2 by the number of stand pipes N , and

expanding the summation signs:

n n
Zr% — Poncxe = BH +BZ% 15.7-3
n
But 2% =P 1574

where P,.w ig defined as the arithmetiec average of the pressures

Rs BB TR

From equation 15,7-1, for ‘the case where stand pipes 41-—--n have

n
H“%h = Zﬁhr 15,7-5

Substituting equetion 15,7—4 and 15,7-5 in 15,7-3:

an "'paacK = BH(‘ = H%Hh> e

Equation 15.7-6 shows that for a given instrument, H is

the same area Ah;

proportional to the arithmetic average of the pressures applied to the
stand pipes 1----- n.

If the individual stand pipes are not all of the same cross—
sectional ares, H will be proportional to a weighted mean of the

applied pressures.
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The sketch shows two planes spaced apart in a parallel duct.

Plane () is intended to represent a pressure—exchanger port with

circumferentially non-umiform distributions of pressure and velocity;

connections for an averaging manometer are also showne

Plane(g) is a

plane on which prevail the hypothetical conditions (subscript av )

assumed to exsist in the porte For the hypothetiecal conditions to

adequately represent those at plane C) , there should bs continuity

of mass, energy and momentum between the two planes.

. As proved in Appendix VII, as a conseguence of the use of an

averaging manometer, F%v is the arithmetic averaze of the statiec

pressure at station C) :

B :£3££b5
A

15.8-1

From eontinuity the mass flows at both stations are equal, hence,

on the assumption that variations in static temperature are small enough

to be igncred:

A
/E u‘dﬂ = RV U.,WH

15 .82
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A
omembtum at station @ = J;lo LLTd,A
o B ® o Way A

If the mementa at (1) and @ are equal and ignoring temperature

differenoes
J:ﬁ WdA = B, UnA 15.8-3
R
and from eontinuity [R u, dA = B . UGA 15.48~2
where ' ﬁ dA = PyA 1548-1

For the conditions on plane @ to completely represent these on @
it is necessary for eguations 15.8-1 to 15,8-3 to be satisfied
simultaneously. Equations 15,8-1 and 15.8-2 will always be satisfied;
15,8-3 will also be satisfied if U, is a constant = thyy « The use
of an averaging manometer will therefore involve discrepancies in
corrsetly estimating the momentum term, and consequently the total head
pressure, when U.,:}é W ay

Predicbing the likely ciifferel;ce in the total head pressures,

A
kS
obtained from the integrated expression I B dR and non-integral form

2
P thaw A by means of two examples (:) and (b).

(a) Assuming R is oconstant - = By . Also assuming LL,‘—'-(I .2 O-2.>u,.w,
then 15.8-2 ig satisfied when fluid passing through 50% of the
port area has a welocity of 0.8Upy, and 142U, for flow

through the remainder of the area, This leads to the result:

P,.I&.dﬂ = 1104 (P Ui A)

For the circumstances given here this corresponds to the average

conditions (subscript AV ) under—estimating the total head established
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by integration by only 0.2 when the flow Mich number is 0.3, a 'bypical'

value observed in the experiments.

(b) A similar example to the foregoing, for the case W, = (I to-4)um,

gives the results

. |
P.wfu.‘cln = 116 (P Wav A)

This implies that the estimate of total head pressure based
on knowledge of the average conditions wmder—estimates the total
head established by integration over the port area by about 1.1%

for a flow lMach number of 0.3

From the foregoing examples it can be seen that the use of an
averaging manometer should lead to improved experimental accuracy,
compared with that likely from a single point reading, without slowing

down the test procedure in any way.



