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- SUMMARY

Th1s the91s concerns the app11cation of a nuperlcal technique

to study the performance characteristics of a periodic flow heat

| exchanger, with at least one flu;d haV1ng sufficlently high relatlve

humldlty to cause condensation.;_“-;fk;g

Sultable anelytlcal and numer1cal models are presented to

' .f

-describe the heat exchange between the flulds and the exchanger.
"Distribution of temperatures within the matrix of the heat exchanger
;and thermodynamlc propertles of the: flulds (air) flow1ng through the

exchanger are - dlscussed.

ix
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‘gas turbine power’ systems,.=

INTRODUCTION

Rotary Regenerator Heat Exchanger .

- A commonly accepted'classification'of_heat'exchangers'is,nade-on

theﬁbasis of'whether'they employ heat'storageror.not. ?COmmoniy termed a

regenerator, the former operates by means of a storing material which

jruns through two heat: exchanglng medla, absorblng heat from the hotter

" medfum and transferring-heat- to'_the _ccole‘r one, through-which it fiows‘.

_-Onuthe-other”hand,-a recuperator‘is.a.heat“exchanger'which'does~not

employ°heat storage' It operates by direct heat transmission through a

d-'separating wall between two flulds exchanging heat or: by two direct heat'
Itransfer units, coupled with a transfer fluid circulatlng 1n cycles be-
_tweerr the “hot exchanger unit' where -the thermal energy is rece'ived,.and

 the cold exchanger unit where the thermal energy is delivered Such an

exchanger necessitates a simultaneous flow of both the fluids engaged in

the mutual heat transfer process.

"

Durlng the past three or four decades several designs incorpor--

'.*ating a rotary matrrx for the flow of mater1a1 through which in turn, g

'flow two' streams of flu[ds at diffe1 ent temperatures, have been con-

sidered. In the past ! primary mmiivation for heat exchangers of such

a design, suitably termed as rotary regenerators, has been their use in

e e e e e e e e g -y LR BN WY PRI T Yoo




A further cla551f1cation of rotary regenerators or rotary heat
exchangers (RHE) can be made ot the basrs of - whether the flow is axial
hor'radlal. Flgure lhdeplcts schematlc representatlons_of the twoptypeS'r

LT '

‘of RHE!

A common feature of both‘of these RHE involves the rotation of a
porous matrix from a cold fluid stream 1nto a hot fliid. stream in a regu—'
' lar periodic’fashion. During the part of the cycle that the metal matrlx
.interacts with the cold stream, the matrix loses part of its 1nterna1
'energy'due to the‘heat transferred from_the metal to the cold fluid
'_;tréaa.*“oa a-subsequent-part of the-cycle,ﬁwhen due to its.rotation the

.'matrix interacts with the hot fluid stream, the" metal regains the internal

energy via the heat transferred from the fluid to the matrix. For a
given speed of rotation of the matrix together with the proper mass |

lfluxes of cold and hot streams, it is possible to achieve a steady state "

periodicity of temperature distribution w1thin the matrix. In other-
-:words, at . the end of a given eyele, the whole matrix attains the same

state as it possessed at the end of the preV1ous eycle The ‘net effect

of such a cycle of- operation is the exchange of heat betwaen the hot and |

1the cold fluid streams. In principle this fac111tates ‘the coollng of a -

warm stream or the heating of a cold one whichever serves the purpose in
' .a-particular:application._I_’ | -
A perspective v1ew of a typioal matrix arrangement.in the axial
.flow type of RHE is shown in Figure 2. Two advantageous~features of such
a deaign concern its compactness and the tendency of self cleaning. The

_ '1 .
heat transfer area per unit volume or the surface area density in such an-.
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Figure 2. Matriz of a Rotary Heat Exchanger
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_exchanger is higher than that in a Conventionai exchanger, thus requiring

less volume for a given heat transfer area; this is related to the struc-

"ture.of the-porous-matrix., Since the axial direction-of flow through_a

particular sector of the matrix_is reversed during each:eycle, such a

geometry provides theiself-cleaning feature. -

A Brief s'ui.-'véy :ﬂof Pertinent Literature

Well through the 1930 s, two procedures were employed to predict :

. the performance of regenerators (l) One of these procedures was to use

':empirical data to set up approximate equatlons by means of which the

g performance of the regenerator could be predicted.. However, because of

"approximations for- those cases similar to the ones for which the emplrl- ;

the nature ‘of the empirical analysis, these equations were only fair

hcal data were obtained. Naturally; they‘could not be_used for-other l

'specific cases. The other]procedure was based uponhanalytically.or 3

“numerically derived'solutions'of the problems' This last method proved

'to be very successful and 1t is being adopted even at present

‘Hausen (2) analyzed the problem of RHE by the 8o- called heat-pole

: ;method ﬂe cOnsidered the thermal conduct1v1ty of the metal of a cylin-'

.drical shaped matrix negligible in the direction of a1r flow (axis of

rlcylinder) and to ‘be infinite in the radial direction. He also considered

- the heat capacity rate (product of mass flow rate and specific heat) of 2

" the hot air flowing through;the RHE to: be the same ‘as that for the cold

matrix 1tse1f He further assumed a unity value for the ratio of the

o o

_heat conductance of the cold 31de to the heat conductance of the ‘het. 31de.

'By considering the matrix to be diV1ded into an equal number of strips,.

AR W W VTR T 3§ ol T W
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‘he obtained the dimensionless temperature distribution, as well as the
 total heat transfer rate and the regemerator efficiency. He found that

ftheﬂsolution converged very quicklytwith an increaSg in the number of

'strips,-namely_O.l.percent deviation between calculated efficiencies for

nine and for ten strips.

" In the 1940's the-aircraft.industry showed a great interest in
the rotary regenerator as_a-direct'application to improving the perform-.

ance'of'gas turbines. USubstantial-attention Was-focusedfon the effect

of'leakage on regenerator'effectiveness 'and'a“consequent development of .

satisfactory seals to minlmize 1eakage, and on the role played by such

: parameters as the matrix dimen51ons, as well as the velocities and heat

'transfer coefficients associated Wlth the problem.

Harper and Rohsenow (3) showed that in gas turbine applications

' of the RHE most of the leakage occurred not by carry over of the matrix

but through the seals of the matrix from the high- pressure stream to. the

t

low pressure one. In their paper the change of efficiency of the regen-

'erator was evaluated by considering a relative change of temperature of

e ',.1

the discharging“stream due to leakage-as-compared with that'for the case

of no 1eakage. This change of efficiency was shown to be rather small

I : g ’

about 1 3 percent corresponding to a 10 percent leakage : They also

showed that the effectiveness of the regenerator appeared to increase to .

a maximum w1th an increase in thickness of the matrlx, beyond which the

'thermodynamic eff1c1ency of the gas turbine cycle was observed to drop

due to an increase in 1oss of pressure.

The influence of gas stream'velocities and mass flow rates on the_
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heat transfer characteristics of the matrix ‘was detennined by Tong and
London (4) for- various matrix structures. Their. work was. primarily of

an- empirical nature Wlth the results expressed as plots of four- dimen-

31onless parameters, namely, the drag coefficient the friction factor,

A the Reynolds number and the Prandtl number.

'vestigators

The search forfanalytical means to predict the'performance'of'the'
' periodic flow regenerator was continued by Coppage and London (5) in a
paper where they first made a survey of the: different available solutions '

fortthe design of regenerators and then developed a closed form approxi-‘

mate solution of their own Which incorporaied the work of. prev1ous in-

o

Dus1nberre (5) in his discussion of the paper by Coppage and

London, suggested that by d1v1d1ng the matrix of a regenerator into a

! number-of~small-elements, each-element being treated as a.cross flow heat

exchanger ‘the efficiency of the regenerator could be calculated for a

given set of phys1cally meaningful parameters. Indeed this was a very

' useful and powerful suggestion. _ Lambertson (6) executed Dus:.nberre s

'suggestion and developed a finite difference numerical technique thus

- contributing significantly toward the solution of the problem, which had

eluded many previous 1nvestigators. His solutions were useful for 2
variety of gas turbine applications.,

Lambertson 8 work forms a conmonly accepted basis for design data '
fdi the periodic flow type of heat exchanger and has been 1ncorporated by

Kays and London (7) in their textbook on compact heat exchangers. It iS'

- worth'noting that the-influence of'axial conduction had not-been-included_

T i Sl R bt R e T R A




in Lanbertson's<work It was generaily accepted that axial conduction of

'heat might be a SLgnificant c0ns1deration for high performance regener-

'ators;

_Bahnke’ and Howard (8) carried out Dusinberre 8" suggestion in a

3 -fashion 51m11ar to that by Lambertson but they 1nc1uded the effect of

‘longitudinal heat conduction in the heat exchanger._ It was shownsin their

| paper that for a regenerator effectiveness 1ower than 90 percent axial

conduction did not play a signiflcant role in the overall heat - transfer

‘mechanism, However they shOWed that for effectiveness higher than 90

-percent the influence of axial heat conduction was progressively im-'

portant in the computation of effectiveness and heat transfer'units

' Recent years have geen a considerable increase of - interest in .

utilizing the rotary regenerators beyond the classical gas turbine appli--

;cations. Drying and air conditioning systems are but two of the more .

prominent cases where the use. of rorary regenerators may show consider- ,

able promise.- In such applications, the hot and cold streams of air

' owing to their thermodynamic states, 1nvolve condensation of the water

Vapor: f10w1ng with the air.. In an attempt to establish the applicability'

v

'_of a rotary'regenerator“to a clothes.drying-process Mercure (9) per-
.formed stmple thermodynamic computations to evaluate its performance. In
'such an application, room. air sucked through a sector of the regenerator

.-matrix and passed through an e1ectr1c heater is supplied to the drum of

' the clothes dryer._ After absorbing moisture from a wet load of clothes,'

'-the hot humid air is passed through another sector of the matrix -and is

'subsequently'exhausted-into the ambient. Ihe'rotary-matrix absorbs:heat

v g L




f.-frOm theihot stream,:storeshthe.energ?,:and.returns itﬁto the.incominéh
hcoldzstream.in'aiperiodicafashion;ihlnithe process -a'certain.amount Ofy”
condensate 1s undesirably carried over from the hot sector to the cold
one., . Due to its 31mp113t1c nature MErcure s, computational procedure didi
not allow a prediction of regenerator effectivenesa based on simultaneous
condensation and convective_heat:transfer. 'No other references.to.the

analyses of a rotary heat'exchanger in.the presence ofthndeusing watet

vapor on the matrix are available in the literature at present.

Statenent of-the-froposed Prohlem

The object of this study is ‘to investigate the application of a

finlte difference numerical technique to the performance analysis of an

RHE thh humid air flow1ng through it. The approach adopted for this_

1nvest1gat10n consists of developln? a technlque to. predlct the variable
-‘humid air properties leaving the re?enerator for a glven state of enter-
' 1ng a1r, w1th the results coupled to an effectiveness analysis capable

of predicting the performance of the rotary regenerator

s iy, Sl gttt § ekt ettt el Sem et e et T O s PYRR




10

CHAPTER II

" DEVELOPMENT OF THE ANALYTICAL MODEL

Selection of'the'Coordiﬁate‘Sjstem and the Differential

Control Volume

k7
-The physical geometry of the domain of interest in this: analysis

_..namely a cylindrical matrix of a rotary heat exchanger suggeata the use
- of a cylindrical coordinate frame The origin is ‘taken at the center of

: _thé@toﬁ ot'the'matrix. 'Thempositlve z dlrection is measured downward

Jalong the axis of symmetry.- The variable r is measured outward along '

the radius Of the cylinder, and 0 is measured positive in the counter-

'clockwlse direction._ with reference to such'a-coordinate frame, the

'domaln of the matrlx can be deflned as'f

s rsr - L . ;
Ty .—-]_:"—__re ) o _ (2 1)
o Epmom,

O =z:=1L.

A differential control uolune fixed in space and referred to the
cylindrical coordinate frame is shown 1n Figure 3.

As the matrix rotates its eLements may be con31dered to enter_

© and leave the- differential control volume 1n a periodic fashion.- The

: control volume is considered to be interacting w1th its surroundings in-

the follow1ng fashion'
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Air in .

— T e S ——

'DiréCtion of Matrix
Flow :

' .
~“Direction
of ICondensed
Water Flow

Figure 3. Differential Volume Element of the Matrix - -
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' Matrix7and water enter and leave'the control volume alongﬁthe'ﬁ direction

‘at’ constant veloC1ty, thus resultlrg in transport of heat and mass across

the control-surface. Humid hot air enters through the top and 1eaves

'-through the bottom of the control volume along the p091tive z dlrectlon

at- constant flow rate with mass and energy transport taklng place, as

explained above ! Heat transfer by conductlon enters the three p031t1ve

faces and leaves through the three opposite faces of the control surface..'

Governing Equations andlBoundary.Conditions'

Awsteady'state heat balance over the eontrol~vblume may be ex- -

pressed, in words, as '

(Net eonductlon heat transfer into the c.V.) + (Net f (2-2)
heat transfer in, due to the matrix and water mass |
1enter1ng and 1eav1ng the C. V ) +-(Net heat transfer_bh---

due to the air entering the top and 1eaving through |

the bottom of’ the C V )

" This &ame equatlon, wrltten on a per unlt volume basis in terms .

of symbols, glves

A 3 s
o= VToar *?gg_mg‘* k aze] - P) - @y
3 w
) .SE(P prw p ﬁT)'t-ppaa 32 0_.'

- b v 8o m o g o o oo oy .
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: Following Stoecker (10), the'differeﬁtiel heat tfansfer froﬁ_ghe hymid’.

.'Lair to. the c.V. 13

- ..an = ci.-_(hm- - hs) da R : o o (2_4)
. and ' R

: . Lo ah'w"'"l-_ e . . o .
: an =P pava' _B? I‘dﬁdrdz._ R o (2—5)

- The differential-sﬁrfece.area'eﬁeilable'for convective heat-:rahe-'

.-fefﬁis "

aa=orpdrdz , - (2-8)

'-where-a ie'the surface5area deﬁsity.'or the rdtio of total surface area
N of the matrix to the volume of the matrlx.

When equations (2-4), (2 5), and (2- 6) are combined one obtainS' L

CE oo 3 'gé N
: CPm (hm - hS) dA .. P paVa -B—zm o o | | (2-7) _

."The bouﬁdery oohdition,fot“entheipy'may-bé specified as.

h(r,8) = comstant .« . (2-8)

L

The interval of existence of 9 in equation (2 8) specifies the hot

:sector side of the matrlx.

In a_31mllar:fashion;-fbr'the cold side of the matrix, the boundary '
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.'condition may be-vritten:as
- _ |
Oy E o | | |
‘h(r,9,L) = constant. S (2-9)
' In"these.equations;-.
T'=-T(r,¢,z), h@-= b (T,P), asd.pé-=?pa(T,?a)',.- S (2-10)

I"It may be pointed out that the summation of partial pressures of eir and’
_water yields the constant value of the total pressure P

| Equations (2 3) together with the differential energy balances
_Istated in equatlons (2-4) and (2 5) as Well as the boundary conditionS'
.g expressed by equatlons (2 8) and (2 9) represent an analytical model of

N
“the problem.' B

Simplification of the Analytical Model

A closed form analytlcal solution of the preceding.system of
-equations proves to be a formidable task _ It is recognized that enthalpy
fand density are not known.a Hriori as a function of spat1a1 location,_”
_:moreover if spatial location is not; involved these properties are'_'
,nonlinear functions of temperature and pressure. -

-These equations are elliptic type partial differential equations.,

Classical mathematical techniques have been often employed with special

- treatment of this type of equatlon. However, general solutions for ellip-

.:tic-type partial differential equations are not available..

<o rm e e S e mmmas e icasi e e e e e e o B
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It is fortunate that some reasonable idealizations that do not

significantly affect the engineering applicability of the equations can

b

be made to simplify the problem. Follow1ng such slmplifications, it is

fea31ble to develop a- finite difference model of the equations which

can be solved by u31ng numerical solution techniques.

Consider the following idealizations w1th subsaquent justiflcations'

of the same: . = . = d-_ N ';_,ux '

Tm.

1) The two fluid streams through the matrix represent a counter-'

- flow energy exchange system.-

2) ‘The thermodynamio properties of the - entering fluids are uni-

_ form;over'the flow 1nlet-cross sections and these properties remain -

‘constant with time.

3) _Ihe'conuection heat transfer'coefficients-are:constant along .

Ia'flowlline;

4) The thermal propertiesIof_thefmatrix'are invariant with changes

_of-temperature and time.

5) No- mile.ng of the hot and cold fluid streams occurs, elther as’
a result of direct leakage or due to carry over. '

6) Regular periodicity exists for all properties w1th1n the ma—;

_ trix elements, yielding quasi-stead} conditions.

7). The matrlx rotates at a constant angular veloclty. '_:'
8) The water condensed at a particular station within the matrix
remains there until reevaporated and. the temperature of the condensed

water_is assumed-to-be_equal to the temperature of the matrixfin.which_

‘the mater*rests;

e gt g e e —
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9) ‘The thermal conductivity of the porous: matrix is negligibly

- small in the c1roumferential direction and extremely large 1n the radial

direetiOn. -Thus,'heat by-conduotion'in the oircumferential direotion-may S

'he”negleoted 'and-the temperature along'a-radius ﬁay be'asSumed oonstant.t
| Since the first three assumptions are very commonly used’ and jus;
tified in the literature on the subject, 1t is not netessary to elaborate
.on thOSe any further. | | H o |

| The fourth assumption imp]ies that the density, specific heat ~and
.other thermal properties ‘of the metal matrix are independent of tempera-
' ture. This is reasonable.to accept for- the range of temperatures din -
such applications as drying.and air conditioning processes.oonsidered

“in this investigation. | _ h _.
. The fifth assumption is well approximated when the width of the
: matrix is small - as is usually encountered in RHE to minimize pressure
-losses- or;if the air‘velocitY'is high-compared With-the velocity of ro-
_tation of the matrix the approximation represents the physioal pioture
reasonably Well For example W1th an air velooity of 700 ftfmin -
3'through a-one inch thick matrix turning at 15 rpm, . the dead angle lS
--around 0 64 degrees, Which approximately equals 0 4 percent of one’ turn ht
Fﬂrofwrotation. Moreover, it must he recognized that In a drying process,
both flow streams have about the game - total pressure, rendering a low [;I:J
-driving potential for leakage flow. .This, of‘oourse,-is.not:the-caselin i“
:gas turbine applications, where the pressure ratio is quite high L
: The Sixth assumption oorresponds to the quasi steady state of the:

. syStem. The tran31ent state at the start of operation tends to reach a

e e e P P ———— e a -




' englneerlng point of view, becomes one in steady stat:; provided that

' there is no storage ‘of water condensed from the hot fluid stream on the

. on the metrix 1s carried. along by the metrix to'a reg:on where the tem~

I-condensete in th1s region iz higher than the speciflc humidity of free
'stream air-in the region;
| retion oftneterlfrom the'wick'around a wet bulb occurs. causing the evepo-I‘
jration. | .
'turn, there will be stccessive accumulations of condensed water during

-eech-turn, still allowing'an eventuel'steady state=system"W1th water-in
dtheuliQuid'pﬁesecbeing.carried.over:heyond:the’metrix-by'the-air stream.

..Such en-smo&nt of“condensstionfneed'not.he3anticioeted for the case

‘ magnltude of circumferential temperature gradient compared w1th that in

. the axial direction.

'the metrlx elements elong a particular radius have the same governing
'sequetions, the same boundery conditions, -and the same trme of exposure to
both hot and cold streams,

.:e radius.
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quasi?steady_stete as the number of cycles of'operation'increeses;_'In - |

other"words,'after'a certain'number-of'cjcles"the'system,'from'an

matrix.. For the case With condensation, the following sequence of

operation results in a reevaporation of the condensatE'- Weter collected

perature is higher. The specific humidity of air in contact with the"

As a result ‘a mechanism 51m11ar to the evepo-

-1If the condensed water does not . reeveporate during one complete

undey stndy.-j
-The ninth 1dealization is based on the- relatively smell order of

-

The thermal conduct1v1ty 1 essumed to be very

This'results_in a constant tempereture elong-

‘The matrix thus behaves as if the thermal conductivity along a
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‘radius were infinite.

A Note on the Qualitative Temperature Distribution

Within the Matrix

Durlng the hot cycle a sector of the matrix .ralses its temperature
at a faster rate initially and at a slower rate toward the end the
_1atter'caused by a diminishing"temperature differentialsbetween the ma-

. trix and the ot - stream of fluid._ [n a similar fashion during the cold

cycle the matrix lowers its temperature at a faster rate 1nitia11y and
at a slower rate toward the end

The temperature distribution within the matrix at the beginning
ef the hot cycle is the same as thai at the end of the cold cycle since
_the spatial positlons of the matrlx for the two cases are 1dentlca1
.This is-usually referred to as the reversal condition. Finally, the mean
”temperature of the matrix 1ies somewhere between the mean entering tem-'

'peratures of the hot and cold streams.

' gimplified Analytical Model

'With-the idealizations that have been made;,the_followingesimpli-
.fications are possible. | | L
o Idealization nine, namely that the thermal conductivity of the
) matrix in the’ circumferential direction is negligibly small, 1mplies that

E _ithe heat transfer by conduction is negligible and that

ks éiih; - o e ;ﬂ“fsi o
-rasaﬂﬁ'-fe_f .... | o . (Z_ll?

W
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;Similarly, if the temperature along a radiys may be assumed .to be .

-

‘constant, one obtains

BT _¥T .y (FL 134, S (2-12)
or . or” T \3r + 8r S ' . 'F C ).

From idealization'number seven one obtains a constanr”angular

-

'veloc1ty of the matrlx, i. e., $ = constant.

When these aSSumptlons are 1ncorporated into equation (2 3) he

Sresulting equat;on becomes -

ko -p) ST 2 ko

Tz T 3% 3 ".“. T laa 3y

The boundary COndltlons for 9ntha1py expressed by equations (2 8)

,and (2 9) remaln unchanged. Thus rhe analytlcal formulatlon of the
transport of mass- and heat in a rotary regenerator with condensing vapor B

.1s represented by equatlons (2 7) and (2 13) together with the boundary

condltlons expressed by equations (z 8) and (2 9)

.Ilgf,

m>+ppv —f=o @y
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- CHAPTER IIT
" DEVELOPMENT OF THE: NUMERICAL MODEL

The Grid System

- For the purpose of developing a scheme of difference equations

- the matrix-is divided into Nrfaxial planes and-(NhL+-Nc)'radial_planes )

elements, each element resembllng the differential control volume dlS-;

'cussed in-Chapter II are'thus formed. It may . be p01nted out that by

: distinguishing between the. hot and cold sides of the matrix and by

opening or developing the circular ?eometry onto a plane, the numerical

analysis procedure can be carr:ed out ‘in the classical manner. The

_overall grid configuratlon bears a resemblance to a layered cake, as

_shown"ianigure 4. The dereloped view.of:the grld_system is shown-in'_

Figure 5

around the circumference of the matrix.' A total'number of NIIN'_+ N )

The temperatures on the left and on the right sides of each ele-

‘ment: of the matrix are defined by a row-column system, the generlc sub-b

'scrlpts being i for rows and j for columns. The same generic system of-g

_'description is used for- the properties and states of the humid air at '

"~ ‘the top ‘and bottom of each element. In other words the generic sub-

_':script i implies a row and the generic subscript j rmplies a column

ThlS scheme avoids any confusion and is simple because any reference tol

gtemperatures 1mplies the left-right 31des of the element whereas all

air states and properties refer to the top-bottom sides of the- element.
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Matrix Divided into Elements

Figure 4.
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Finite Difference Approximation of the Analytical Model

'-;l It was pointed out in Chapter II that even the simplified analyti-

. cal model leads to a system of differential equations for which a closed

form-solution is not available A finite difference approximetion of the -

ow

medel is therefore deemed necessary.

To proceed along these lines, equation (2 13) is flrst mu1t1p11ed

by the differential volume rdﬁdrdz to yield

k (1 -.P) B - rdﬁdrdc-- ao_(P_?rw-cprwng) rdﬁdtdzl-.. ; .I(3-1)
- %h,
PPV rdﬁdrdz-- 0.

aa. Bz

"It'was-ﬁointéd out that (1 - p) rapdr 1s the area of thefdifferen-
tial element available for conduction,_which is denoted by dA ‘The fac—
tor (1 - p) is included to account Eor the por031ty of the material of

the.matrlx. ;pdrdz 1s;the area through which water and'matrlx_enter:the

*'differential volume, : prder.is_the area'thrOnghfwhicﬁ air enters the

,'dlfferentlal volume,

The mass flow rate for air is given by

A T € 2

-~ and theﬂmnss'flow rate of the metrix'element;is given_by_ff:i'

m, = per A =__prVr pdrdz s
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g 24 :
.Atcoﬁtination'of"ednattonst(3e3)fan& (?eei gtnesj:

T

The first term of equatlon (3w1) k Sﬁg [(l-p) rdﬁdr] dz y may
¥t :
d.

be replaced by its equivalent k S"g' dA dz , or

k "'a' [(l-p) rdﬁdr] -"g- dA dz - . ..(3'_5')-

i Contributions from'water flow rate and matrix flow rate to the

'--“second term of equatlon (3- 1) may be isolated to result in

R I | '5-(1;"]'3) L o
2 [p ﬁl‘] prdﬁdrdz fm C a—T dﬂ +C kil dp - (3-7)

op "W prw r Pf Bﬁ PV ¥

It may be'noted that the mass flow rate of water deoenda.Onian :

o inerease or deorease-in'the“rate”of'condénsatiOn”or”evapotationJV'On the

other hand the mass flow rate of rotor is a constant quantity

The thlrd term of equation (3 1) may be expreased with the use of

. equation (3 2) as’ o -
PiPgly g Tfdrdz =my md . (508)

Ineorporation of identitiee (3 6), (3 7), and (l-8) into equatlon

’
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-,glven by equations (2 8) and (2 9},
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| - dm Ty '_
*T 3T " SRR
— Ny 2. - —_—— - g _ -9
k37 dA dz m, _c,:PI-‘- 50 .- C . R ﬁ. | | & ).
. ¥y
e 3z P

. B (eh) v, G0

=3

. Q,I

- Nlg™.
&_ _
1]

pm .

where.the'surface area density,is again taREniiutO'aecount to obtain the o

available'area'for conveetion.

The boundary conditions for enthalpy remain the same as these

\.
-

To transform equations (3-9) and (3 10) ‘into finite difference

.forms the differentials may be substituted by finite 1ncrements by re-

) -ferring to the grid system developed earlier.

The amounts of air entering the “hot and cold sides of an element
of mstrix are, respeetively,

Nh ‘and m /N P

The convection area for each element equsls the total area for

convection of one side of the matriw divided by the total number of ele-'

" ments on that_slze, v1z.,"

o - h L . c S
A T and ... DAV, = Fy s G
o r h r ¢ . :
. ..’. - _ o dh A . . . : _ dc . . . - -.' -
- bAgy < N oand DAy, TN, I S
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The'length'of each eleﬁenthis the-tetalﬂlength.of_the.matrix_dirided_bﬁ

'the numberrof.rewstof_thegmatrix;?or

D W

and 1t is the same for eaeh 31de of the matrix.
Figure 6 represents an en]arged view of ‘a portion of the overall

grid system; andrindicates thejaSSigned.valueszof temperatures and en-

thalples._. L B

It is recognized that

" da_-r 4 [ lin T(z) - T(z-- JSZ)] . | (3;14).

¢z=' dz Azm0-

lim’ ;L' T(z + Q_) - T(z) T(z) - T(z - Agl
- Az0 bz o bz . Az .

| When equation (3-14) is applied to the dashed element of Figure 7

‘one obtains

”'-'dgT_. lim r(l-lq) +T<11 j+ll T(_il,-_.'i)'-l-'.ll'.-’(”i,.j'.".l'j. e
e ( R R S ) - 3-15)

(T(i j) +-T(i,J+1) T(1+11J) +'T(1+1,J+1))
2 ; 2 - Aza.'__

© By similar logic the circumferential temperature gradient may be '

expressed by

dT lim T(i,J+1) = T(1 j) - _. o _ '(5-16){'

a4 ﬁﬁ*O S AP

et o i e e = = & ol e o s -

= L(uf.,]_' "f T”i;; _;'.f':_:‘ .‘3;;3).
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T(i-1,5) - (1,540

.

T(,5) | T(E,540) | | *

_h(i+1{j).

T(i+,5) | S T(i+l, j+1)

"h(i+2,§)

Figure 6. Enlarged View of a Segment of Developed Matrix
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Thefcifcumferentialigradient-of the'quantityf(ﬁﬁT) ﬁéy_also,be
: expresged, ﬁithlé-féw'algebraic'ﬁanipulatiené, as
d(rh-T) L T (ﬁ-h&ﬁ) Tcmm -m (ﬁ) T(ﬁ) o
ﬁ' 30*0 50 : -_-.. s .
.lll.l‘l ll'l (is.]"'l) T(i- j"‘l) - m (i:_'l) T(] j):l .
&ﬁ*o 3 " . Iy S :
 Likewise,
IEE'.‘:- Lim h(i+1j)-h(ij)) 318
dz Az—=0 - Az - : * (.‘ )
Incorporatlon of equations (3 12) through (3 18) into equations
-(3 9) ‘and (3 10) ylelds
Nk A ' | v )
ﬁ"'ﬁ"i? [(T(l-l j)-+ T(i-1,541) - 2(T(i,J) *-T(i j+1) + . (319)

e
-

: (T(i+1,J) + T(i+1 j+1)] : -—w—E~ [;(1,j+1) —-T(i j)}

| .”;-i pw [ (1 j+1) T(i j+1) --m 1 j) T(i,J)] -‘;“ [h (1+1 j) - h (1 j)]
el
.A.furtﬁéf siﬁplific;tidn isf;_

- (3220 |




. Incorporation of equation (3420)fand'a fearréngemgﬁt.yiéiéé_

52 [rc - 28,9 | + [m, @, 540 Oy T HHD = (3-21).

. -, L
JENCHULC I SR '..-J'fﬁLh_m(i»-i) EENCOID) Pt

: '['(T:_(i-‘l,_j).--c'- T(:.-l,j-!-l)) .e.._.'_z(T(i',j!) + T(l,_-|+1))+ o

C

: ,(T(i+1_,-'j')_"+' I('_i+1;j+_;')5::|_._'=* 0-'

L Simiiar ﬁaﬁiﬁuiations;of éQuatidﬁ:(3—10) yfeid_

B (L,3) + h_(151,3)

: RS A . ;'- - ER
o .ma.[hm(1+;,3) - hw(lsJ)]_=Lc ?N ' 2

pm X

wo ]
“gavg

_'fEQﬁations (3521)”aﬁd*(3=22)7canlbe.readilﬁ applied to any-épecific

'qlément in-the_métrix.w.If”all the entering conditioﬁsﬂof_an element are. -

‘assumed, the probleﬁ'resolﬁes'to'detérmining-thefﬁhkndﬁn.éxitlcdnditiOhs;:

" In order for this system of equatioms to be compatible and'dététﬁinéte,

four more equations are needed. . These are:

‘a) Consetvation of mass equations - .

o m
8

“x-[ D - w.(_i+1,‘j)] * B SR LD L 62

et o= mrwt & e e om e s} pe mespmgmows m— . e om seml -

—- Gy
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and

IR

[F(i,J) - W(i+1 j)] [W(i,J) + w(1+1 j) .
1‘.'

2 T Ysav ] ;‘.

' b). PSychremefric eQuatieﬁs .

N
]

~and

=
a

WP L (3-28)

--EQuatiene (352ij through~t5-26) maf be épplied te the coid'sieea'
or to the hot side of the matrix by appropriate replacement of subscript
‘X by clor h, respectively. ‘ o _. R |
fThis set of equations is furfher.éimplified (see'Appendix Ij to

.:yield

h(i+1,5) =B (i,3) - HCBL [W(i,3) - ﬁsaﬁg(i?j)]‘cpw:T(i;j)'(3;27)

©[no82 a(1,1) ¢ + HOSSI(T(L, 341) - T(4, D] -

"n_Hcsé L(T(i;i;j)-% T(i=1, 1)) - z(T(i;jj-f'f(i;j%i)lfitT(i+i;j)n#_'_~

T, 1)),
» o

h (1+1,J) h (1,3) +-H081 [hsan

" In equatiohsi(3-27)_and (3;28)'

N<+ B

Hes1 B P« &

(3-24)

'ﬁ(i,Pf_; | | : o - o (5-25)

(1,j> _h‘(i_;j')]" R
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HCBZ = - =, S - C(3-30)
ma . : . . . i
‘HC83 = —EBF | : o (3-31)
oty o _ -
B= i — (33D
2 th, cpm , L
R : kAd” : o o
and _ . He84 = <, o (3-33)

. A Note ou-Uniqueneas‘and;Stability of.the Sclutionﬂ

L Equations (3- 27) and (3 28) have two unknowns, h (1+1,J) and

T(i+1,J) 1t may be seen: that in equatlon (3 27), h (1+1,]) diminlshes

- when T(i j+1) lncreases, and, in equation (3 28),h (1+1 j) increases when

-_T(i,J+l);increases : Thls implles that there is only: one solution which

N'B

N+ B) in equatlon (A-?)-in'

is unique; provided that the factor @1‘

' A@Pendix I is‘greater'than one. A negative value of this factor corres- o

.';ponds to an unrealistic physical conclusion of both the hot air and the

' _matrix 1031ng heat 31mu1taneously._ Therefore;'a greater'value than~oue_

T M

" of the factorzis a valid criterlon*tbrTa stab1e5solutionln‘Iﬁ-othet‘wofds;?

:the number of elements 1nt0rwh1ch the matrlx ig. subd1v1ded has to be such

that (1 B) is greater than onc, or N > Bh A-simllat'atgument'fot

N + B

the cold region leads to the conditLon N > B . f

i
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' CHAPTER 1V
PROCEDURAL CONSIDERATIONS'EOR'NUMERICAL soLUWIONSe'

Selection of Numerical'Values?of'Input-Parameters'-”

Prior to- prov1d1ng an. exp]anation of the numerjcal procedure }l
,adopted to solve ‘the equations developed in the preceding chapter, 1tc
'is'appropriate to discusSfthefchoice of.numerical,values-as51gned to -
.several paraneters'infthi;linvestfgationih | | |

The previously stated-purpose of this study was’ to demonstratef-
the validity of -the present numerical technlque to analyze the RHE
rather than obtain design data for a specific application It may be_
'p01nted out that- the adaptability of the present technique is not re-'
.stricted to a unique set of numerical values assigned to varlous design
parameters. ) |

|  The states of the entering hot and cold stteams depend on-the .

'speclfic applications of the" RHE The numerical values selected for the

' states of enterlng hot and cold air (hot air at 100 F 60 percent rela-

tive humidity, cold air at 80 F, 50 percent relatlve humidity), to 111us-ii

: trate -the procedure of integration are Wlthln the general range normally ;'

- found in such applications of the RHE as an air conditlonlng system and

] a-cloth drylng machine., An-immediate.consequence of'the_preceding choice"ﬁ

of-states of entering streams is the specification'of theirifespective
'enthalpies specific heats -and'specific humidities.

" The practical c0nven1ence of hav1ng approxrmately the same mass
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T

flow rate for dry streams of hot and cold air together with the ease of

'comparing trends of the results of this investigation with those reported

by Kays and London (?) dictate the choice of the numcrical value for the . w
ratio of minimum to maximum heat capacity rates. Cﬁ n/cmax. as-O 7. To
- ascertain its influence a value of 0 9 for this parameter wag also ex=

amined' . The mass flow rates for each of the fluid streams consistent l_ - Mf

.With these con31derations is approximately 1500 lbm/hr

" Two values for-the ratio'of the-heat capacity rate:of the ‘matrix
to the minimum heat capacity rate of air, cr/cmin’ are conS1dered suffi-
_cient to examine the. influence of this parameter on the effectiveness of

the RHE These values were selected as two and five, follow1ng Kays and

'London_(?). -

Use of Psxchromefric Equations

Before the numerical technique can be applied to the set of eqna-l'

tions derived in Chapter III it is necessary to haVe the properties of
:interest defined by equations of such forms as represented by equations
'(3-25) and (3 26) Information from steam tables (11) and psychrometric-f
tables (12) can be conveniently used for these formulations. The water
;vapor properties of interest are the enthalpy and the specific volume as
-'functions'of pressure and:temperature. Also needed is the saturated water
' vapor-pressureias a'function of temperature.' The stemn tables 1ist all j
of ' these properties in a convenient form to adapt into the scheme of
--~computatioa; Tt may be noted that the total pressure used 1n.a.psychro— -
7metr1c equation is: standard atmospheric pressure or 14 696 lbf/in .

- It has been_assumed that air behaves as an 1deal gas'yielding the
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 enthalpy
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Although water vapor deviates from ideal gas’ behavior, fortunately, the

air-water vapor mixture can be still treated as an ideal mixture, With

: the provision that both air and water vapor occupy the same. total volume

at the same time.l Nevertheless, for-the purpose of calculating_the_dew :

point”temperature,'it is reasonahlefto'assume”an ideal gas behavior for

' water vapor. - The specific humidity is then given by

«

‘*fﬁlisﬁﬁ mE@E) . D)

In equation (4 2) Cl is a constant with its numerical value determined

by the choice of units, B is the total pressure of the mixture, and P is

the-partial pressure of the water'vapor. Equation (4~ 2) indicates that

' thé sPecific humidity is a function of temperature and partial pressure

o

The enthalpy of the'airewater:uapor mixture can be ‘expressed as

) -"..-'q-- st

'which again, indicates that the enthalpy of the mixture is a function of

'temperature and part1a1 pressure of water vapor The datum temperature

for enthalpies can be’ taken at the standard value of 32 F Finally, the

dew point temperature of the mixture, as a. function of temperature and

o specific humidity, can be determined by knowing the correspondingly par-

tial pressure of water vapor and by employing the relation

b=h . G

I
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. P : : _ : :
w = .-02 .(P _ Pw) o _. | : . | .(.4 4) |

. vhere C2 is a'constant with a value'dependentﬂon the'particular'chcice-cf-
.“unlta. The dew point temperature can be evaluated by 1dent1fy1ng the 3

saturation temperature from the steam tables corresponding to the knowm

partial pressure cf water vapor.

. ‘Numerical IntegrationﬁProcedure '

In-order to proceed with the-solution of the'problem,_it is'neces—-

sary to determine the exit thermcdynamic properties of’ the air’ streams

| through the matrix. The first step is to obtain the exit conditlons for o

a-alnglelmatrlx element.:,Ajstep-procedure_tc,ebtain thie may be.out—
-lined-ae.

;\- PR . [

a) Assume the matrix temperature ‘at the exlt of an. element

G, j+1) = T(1,3).

b) Evaluate the average surEace temperature of the given element

c) The average humidity ratlo at the aurface of the element is

'.evaluated according to equation (4 -2} if the average surface temperature_'

_1s;below the dew point temperature-of the enterlng.air; if'that-is-nct.

the'case,”the'average'humidity‘rattn'is:ldentlcal to thehhumidity ratlot :
'-ef.the enterlng'air; ln alaimilarhmanner” thexaverage:enthalnv“hf_the Ti
_air at the surface of the element is evaluated.. - “ R |

| “.d) Substltutlon of the above values in equatlons (3 27) and (3 28)
:'ylelds two ‘values for- the enthalpy, h = h (i+l j)' .

e) If the two enthalples ‘are not 1dent1cal w1thin 04 percent a -

nev'T(i,j+1) ;s substltuted.and the process is repeatedvuntll.both-equae

[ Sttt Ml tisistemede et iedons et LI ATttt P ot et ] e - e
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.tions yield the same value of enthalpy,rwithin'the acCeptable error;

' Having obtained T(i,j+1) and h (i+1,]), the rest of the exit prop-'

' erties of the element mey be calculeted With the help of equations (3 23)

| through (3 26) : _ _':-;_b - ..'HE’:} f'.

The next step is to assump A distribution of temperatures at the
_ left edge of the hot Slde of the matrix, i.e., an asslgnment of the

: temperatures T(l 1), T(2 1) enees T(N l) (see Figure 5) Since the-
'entranee conditions of - the hot air for the element (1 l) have been ob-
tained,-assuming-the'temperature I(l,l)_above-and the initiel entering
'condition of the hot-air in the matrix the nrocedure to obtain the exit
conditions for the element (1, 1) is. similar to the one - outlined in the
r_preceding. Obviously, the exit condition of enthalpy for element (1 1)
becomes the entering condition of ‘the hot air for element (2 l) The -

' procedure can’ be repeated to obtain the. distribution of enthalpies along

the first column of elements and the distr:bution of matrix temperatures

_for the right side of the same colwnn of elements. In a sbnilar fashion,'

._the remaining columns of- the hot Side of the matrix are solved

To- solve for the cold sector Slde of the matrix, one needs only
"to adopt the procedure used for the hot sector side, noting that the
-Itemperature distribution on the lefL_cold side of the matrix must equal
the temperature distribution on -the right.hot side of the matrix ndlf
| that the first element to be celculated is the one at. the left bottom of
the cold side, where the entrance conditions are known. When~the cold
side of the matrix is-solved,.the'reverssl condition mustbbe satisfied

" within 0.0l percent. This condition demands that

TR AT e TATT
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T (N, +__1.-_1, N, + 1) ..=‘.._Th(i,1) o 1 +1,2,3 e N (4-5)

!Li ' In the event that equation (4 5) is not satlsfled the temperature dis-
' tribution originally assigned to’ the left edge of the hol: side of the

. matrix is replaced by the calculated temperature distribution at the
Iright- edge of the eold 31de of: th_e matrix, The pr_oce_dure is repeated to
_eventually satisfy the reversal condition.

I

|

|

|

E !!-:.. *




39

- CHAPTER V
" PRESENTATION AND DISCUSSION .OFI"RE'SU_L'T_'S |

A Note on’ the Presentation of Results

To help attaln a phys1oal understandlng of the results, all steady
state'property distributiOns are presented in matrix;form, the latter
'being identical to the developed”matrixiof the"rotary.regenerator. Dis-f

-tributions for the hot and ‘cold sides are represented 1n separate tables,

--each of. which represents approximately one half of thL developed matrix
:Among the property distributions presented.in the_results,are the tem-

e '_"; S perature:ofnthe_matrix, the.enthalpy3of-air, the humidity ratio of air,

. and'the nass rate of condensed”watefj”as well-as“the states of.entering
1 E : ..-. . . \-!l ! :
j iand leaving hot and. cold streams. Specific cases are examined “for- two

: .air flow heat capacity rates two matrix heat capacity rates, and two

i K - heat conductance ratios, the results being examined thh respect to the .
115 R 'nunber-of'heat=transfer_unltsjof_the rotary heat,exohangerrand heat ex-:
 changer effectiveness. A particular set of numerical information to. -

illnstrate;thelresolts'ofﬁthis studﬁ-is-sﬁowntin Tabie“i;3

: Property D1str1but10ns w1thin the Matrix

11— o ' _ Tables 2 and 3, respectively, show the. distribution of enthalpies

offthe hot and cold air_streams'w1th1n the matrix The top row of Table -_v

2 and the bottom réw of Table 3 represent” the constant enthalpies.of hot

and cold air entering the matrix. ‘As the hot Stream passed down the




40

"Table 1; IllustretivelSetfef'Numerical Values

Input Parameters and’ Properties ' T _;f "“,;. .

Number of rowg 1nto which the matrix is divided 10 _ B |
c./C =0.7. |
min ‘max . o
‘ cr/c‘mln - 2:;f
o NTUo =" 8
Relative humidity of hot entering air = 60%
fTemperature of hot entering air = 100 F

"Enthalpy of hot entering air = 44, 07 Btu!]bm

SRelative humidity of cold entering air = SO%
_Temperature of cold entering air 80 F

'Enthalpy of cold entering air- 23 48 Btu/lbm

Output Properties
| Enthalpy of hot 1eav1ng air 39 76 Btu!lbm
Enthalpy of cold 1eav1ng air = 28 06 Btu/lbm

Computer Time = 4, 51 mlnutes o

= - L gt th S emmee———e e o ao o et fmm i mgmim s ooy
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‘Table 2. Enthalpy of Air in the Hot Part of the Developed Matrix
40,07 W8,07 . 64,07 48,07 - 8,07 44,07  G6.07  44.07 84,07 44407
: 43,86 43,56 43.72  03.77 83,79 43.85  43.9% - 43.97  ¥3.97 4397
43,08 #3.13 3431 43,36 63.46  43.53 4360 43,72 43,76  41.7A
42,65 42,78 . 62,85  63.00 43,10 43,19  43.27  43.37 4308 43.08
62,21 82,39 62,83 82.60° 82,67  42.82 42,91  43.02 43,10 63416
81079 81450 42,00 02,19 82,25 | 42,36 42.53 62,50  42.73  42eR2 .
'ﬂi.ss 41400 .-:41.56 41,70 :_ 41,81  #1.91 82405 42,15 . 42,26 4238
40477 40.89 ',u1.o7' 41015 61,32 61,45 61.57 41,69 G1.61 41e92
40408 40.61 40439  40.58 40,76 . 40.88  U1.01  41.18 . 81,32 . 61.39
(38,09 39,61 80,17 40.82 . 0,62 . 4DLTS  BO.9%  WD.LME  40.62  4DeAl
36,61 38,13 39,32 39.98 40,36  40.61 40.68 40474

B NOTES:

b)

Columns 1ndicate angular p031t10ns along the matrix 1r¢umfé:ence at-an interval of

- 20 each,

e)

Hot air éntefs_ét-tdp 1eft.

. 40«80 .

Rows indiéate axial ﬁositioné along the matrix iength.

. 40.62

1%
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. Table 3. _Enthalpy of Air in the Cold Part of the.Deve10ped Matrix

30411941 2B.09440 28,03082

© 29.92846 27.85260 27.77951

29.59091 27.5B000. 27,47357

©29.25546 27.22675 27.06247

20489594 26.85779 26,72359

| 28451390 26447197 26438500
| 26413339 26407880 25,93262

27.98904 25,70717 25,5661

| 28471479 25.25908 24,84513

33430295 22061549 2274968
23.48267 23.48267 23.48267

NOTES:

el

a).'
By

27.98095 27,89512
27.75253 27.60788

27.39103 27.25121 .

27.03956 26.90486
26465156 26.56113
36421412 26411530
35.51934 25.64861
25.32165 25.07463
24.27966 au.auz7s

23.&8267 23;“5267

Cold air enters at lower left,.

20° each.

27.88261 27.77042 27.65736

27.54742 27.45385 27.33955

27.21777 27.08543 27.01155%
26.83170 26.74611 26.58013

26.39365 26.30797 2A.19351

26.00741 25.85912 25.70920

25.54083 25.32017 25.17512

20,89963 24.68665 24.46729
29.01622 23,90555 23.73759
23.10%12 23.13436 23.zi564

:23-0826? 2348267 23.48267

Rows indicate axial positions elohg the matrix length.

2764417
27.30299
26.93201
26.50386
26.07012
25.59135
25.02545
24.34230
23466657

23426458

23448267

27.50429
27.14836
26,7777
26,40630
25.54614

2544549
24,83832

24,2499

23.63707

23,29309
23.48267

.Columns indicate angular positions along the matrix circumference at an

interval'of'

o

L
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passages in the matrix it delivers energy to the metal matrlx elements,_j

a process indicated by a decrease in enthalpy. In a similar'fashion-
the cold stream entering at a lower level of enthalpy at the bottom of

the cold part of the matrix pr1marily receives energy from the hotter

ﬁ metal matrix, this process resulting in an 1ncrease of enthalpy of the
-.cold stream as" it moves up through the matrix The bottom row of Table 2
. and the top row.of Table 3 respectively, represent the enthalpies of the
“hot and cold streams leaving'the matrix. Average values of these exit

..enthalpies are shown'in Table 13’

Tables 4. and 5 respectively, show the distribution of temperature

' withln the hot and cold sides of ‘the matrix. The same 1nformation for
- selected TOWS of the entire matrix is shown graphically in Figure 7.
- 'The predominant variation of temperature is seen to be along the rows in

pthese two tables, since these correspond to the rotatlon of the matrix

about rts-axis The last column of Table 4 also represents the first

'icolumn of Table 5 since 1t represents the-state of the matrixlcolumn
.leaving the hot domaln and” entering the cold domaln. The'trend,}pre-f
:v1ously explained 1n connectlon witn the dlscus51on on enthalpy dlstrl--
.fbution, is visible in the temperature distributlon -as well v1z, a rlse.

in matrix temperature due to“energy received from the hot air stream,

wlth 4 subsequent decrease in matrix temperature due to energy trans-

;-ferred~to_the cold stream. The last column of Table 3 is the input in-

FI

l formationdfor iteration-of the property distributions. Ideally, this Lo
B column should he identical to the flrst column of Table 4 the actual
difference belng the allowed trancation error in satisfying the so called -

'.reversal_condition.
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Table 4, Temperature of the Hot Part of the Developed Matrix

96.52 3720

95.22  95.62
© 93.63 94,09

91.98 92,45

90,15 90,60
88416  88.65

B5.84% . BG.44

83.20 83.93

B0.55 82458

9425 . Ble95 .

97.7%

96.08

94,47

. 92.87

91.12

89415
87,08
8426

..ﬁEQQQ

NOTES: a)

b

c)

93012
96,52

94,97

93.32

91.58

89463

. B7.56
. Bﬂo?&ﬁ
B3+62

al.86

. 8332

28.44

. 96,95

95,35
935,75

- 92.02
90416
88,14 .

85,60

83.76

Hot air enters at top. left.

Columns indicate angular positionz along the'matrix circumference at_an_interval of

20° each.

Rows indiéate axial positions aldng-the matrix 1éngth;

98,75
97.31

95,73

THTE

92.44
90,53

'aa,ég
- 86.23
34,85

84,21

84,02

98.98
97466

%6410

Y+hl

92.97

-9le12

89415
8684

B43%

8421

99.12

98402

96,47

94%.99

93.39
9163 .
89.65 . .-
_s7.~i

8448

84436

99.23

98.28-

96.84
95.37
93.85

C92.10

90,14

88403
85,23
Bl Lh

99.33
98,50
9719

‘9573 _.

94 . 20
9240
90(53

BB+56 -
._35097 o

B4e18

99.43

98.71

97.50

96407

94 .60

93.08

91.12

89.12
86:59
. B4»30

9y
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NOTES: a)

= = T
Ll . . . .
' Table 5. Temperature of the Cold Part of the Developed Matrix
99.43 | 99.24. . 99.02 98,76 - 98,53 98,23  97.89 97,57  O7.20  96.89  96.53
98.71 .95}36.,. 98,06  9T.TH  9T7.37  97.02  96.68  96.31 . 95.97  95.59 95,22
97.50 97,16 . 96,80 96,40 96.06 . 95,70 . 95.30 94,96 9,52  Fue0d '93.7§
96407 . 95,70 . .95.32 94,96  S4.57  9u.22  93.77  93.32  92.93 . 92,49  92.02
94460 94.2L.  93.82  S3.47 . 93,03 . 92.57  92.18. 9172 . 91422  90+73 . 90.22
ga;ha L 92:69 | 92.29 91,83 . 91,43 90.95 90,48 89.93 89,38 88.A1 8819
' 91;12-_;_90.9? . 90460 90,22  B9.72 . 8913 . B8B.4B . B7.84  87.14  86e45  85.85
89.12 . 89.A6  89.80 . 88.67  87.81 . B6.97  86.08  85.29  8u.53 83+85  83.23
86,59 91,23 8B.55 .. 86.43 - BU.A6  B3.60 82468  AL.90  B1.38 8057 B0.62
84,30 i-.?é.xs TOTB03 .. TELTY .. TTL3E . TI.B3 . T8e2L . 7B.36 . TBeB3 . 19005 . 79.25

b) Columns indicate an
' 20°_each..

¢} Rows indicate axial positions aiong'the.matrix_lengﬁh.

Cold air enters at lower left.

gular pogitions along the matrix circumference at an interval of

1

sy
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- The distribution of humidity ratlo of the hot and cold air is,

restectively, shown in Tables 6 and 7 . It is seen from Table 6 that

excepttfor'the-bottom three.roWs the humidity ratio is constant through

the hot domain, . This fmplies that condensation of water in the hot do-

-main~occurs only within the bottom three'rows. 'The actual amount of

' condensation can be 1nterpreted in terms of the decrease in humidity

- ratIO“Of hot air along the three’ rows. . On the other hand, only the first

column of Table 7 indicates any change in the humiditv ratio. In fact,

"

'_this oceurs: only on the bottom element of the first culumn of Table 7.

'5eventua1 evaporation of all the carried water- owing to heat absorbed from

2.

fAn account of this behavior might be. proV1ded by the carry over of

condensed water from the hot slde to the cold 51de, ‘a subsequent transfer

of energy from thls water to the relatively cooler entering air, and an

the matrix There is no further increase 1n specific humidlty of the

. first column of the cold side. o

A qualitative verlficatlon of the explanation regarding carry OVer'

“can be sought by examining Tables 8 and 9 ‘ which respectively represent

'.5the distribution of the rate of condensed Water within the hot end cold

sides of the matrlx._ it is clearly seen from Table 8 that condensation

does occur w1thin the bottom three rows and a130 that the rate of- conden-:

*sation increases to a max1mum along the rowa,_followed by a reevaporationj';

' of a portion of the condensate resultlng in ‘an apparent dlsplay -of a o

_reducedfcondensatlon. The portion of condensate that does not get re-

‘evaporated on the hot.s;de is carried-over_to the cold s1de-as-exp1a1ned

previousljsi_ '
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b) Columns indicate an
- 20° -each,

- NOTES: a) Hot air enters at top left.

« 02557

¢) Rows indicate axial positions along the matrix length,

il

K - _ .
: Table 6. Specific Humidity of the Hot Part of the Developed Matrix
- W02511 402511  .02511 02511 02511  L0Z511 . 02511 ,82511 L02811 02511
E ~+02511 402511  .02511 402511 © .02511 .02511 .02511 .02511  .02511 02511
E f.ozsxi 402511 ' 402511 +02511 - 402511 02511  .02511 02511 02511  .02511
I ' . - C 02511 02511 W02511 402511 02511 402511  W02511 03511 402511 402511
A L o (02511  J02511 402511 402511 . 402511  .02511  .02511  .02511  .02511  .02511
? 02511  +02511 02511 ,02511 ..02511 _+02513 ; 02511 402511 . 402511 402511
{ “J02511 - .02511__“;02511 02511 . 402511 © 402511 402511 402511  ,02511 02511
) 402511 402511 402511  .02511  L02511  .02511  .02511  .02511 S .02511 . ,02511
.02510  +02513 .62511 .02511 © 02511 .02511 .02511 .02511 402511 L0251
-02.377 L .02478 #02522 02536 .625“8 . «02559 02557 -0251'1 ;ﬁ2511 : .025!_.1
.02260 _.02380 .02466 +02512 .02539  .02556 402568 .02551  ,02556

gular positions along the matrix circumference at-an'intervél of

LY
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Table 7, Specific Humidity of the Cold Part of the Developed Matrix
?
I
| 201270 . .01092 _ .01052 ,01092 401092 01092 .01092 .01092 _ ,01092 01092
i 01270 ., 401092 . o01092 .. +01092 01092 . 401092 . .01092  .01092 .0092 . .01092
| +01270° 01092 . .01092 .. 01092 01092 401092 .01092 «01092 . .01092  ,01092
, 201270401092 _ 401092 . +01092 __.01092 . »01092 . ,01092 . «01092 . 403092 . +01092"
g | +01270 401092 . .01092 401092 . »01092 . 01092 . (01092 . .01092 01092  .01002
: | 401270401092 .. 401092 401092 . 401092 .. +01092 . 401092 = .01092 01092 . 01092
: N . o R _ S
; »01270. 01092 _._.01092 . 01092 . 401092 - .D1092 . 01052 - ,01092 . +01092 . ,01062
W01270 401092 .. .01092 ..01092  ,01092 «01092  +01092 401092 01092  .01092

+01270. /001092 401092401092 .. +01092 . 401092 . 01092 . +01092 . +01092 01092

+01270 . oBi092._+D1GY2....001092 - +01092  +01092 01092 01092 . .01092  ,01002

+01092 . .+01092...,02092 _..001092.. 401092... 403092 . ..01092  .01692 . 01092 ,01092

NOTES: a) Cold air enters at lower left,
'b) Columns indicate angular positions along the matrix circumference at an interval of
~ 20 each, : : _
¢) Rows indicate axial positions along the matrix length.
£
) ®
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Table 8, Mass Rate of Condensed Water on Hot Part of the Developed_Matrik

+00000  .00000 .. .00000 . +00000 +00000  .00000  .00000  .N0OOB 00060 ,00000  .0pOGO
-00000 400000 - .00000 . 400000 40000 0060  L00000 00000 ' .0DDAO  .00000  +00000-
400000 00000 400000 . 400000  +00000 00008 00000 +D0D0D  .00DM0 400000  +00000
+00060 «00000 d'.ouaoo_ +00000 400000 . .00000  .00000  .00000 00400 00006 ,00000
1400000 00000  .00000  .0O0I0 400000 00000 < +00000 +00000  .00000  ,NOO0D 400000
+00000 -00000 . 00000 -00000 400000 . .0000G - .00000  .00000  .00000  .00000  +00000°

400000 00000 .00000 .0000D 00000 .00000 00000 400000  »00000" «00000 00000
,00000 00235 _ ,00000 ‘ .00000  .06000 <00000 00000 . .00800 © 400000 . .6OOBO . +0000D
(+00000  o19579  .25049  .23480  .15701 14098 06940  .00000 00000 . 00000 . <0000
-00808  .17355 . 32300 . 40651  .4e266.. 445721 46106 L4UE33 . .37684 .. 31768 425023

NOTES: a) Hot air enters at top left.

-~ b) Co}umns indicate angular pbéitions.along the matrix circumference at an interval of
20 EaCh - ’ . . h

c) Roﬁs indicate axial positions along the matrix length,

6%
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Table 9. Mass Raté of Condensed Water on Cold Part of the Developed Matrix

400000 . 400000 400000 400000 400000 400000 00000 . 00000 400000 - ,00000  +00000
+00000 . 400000 . .00000  .AOD00  ,00000  +00NDO 00000  +0000G 400000  ,00008  0G0OO -
: .00000_ . nﬁnﬂoﬂ_ . «00000 .00.000 nUIOUOU 00000 00000 «00000 05000 .000_n0 . +00000
+00000 _ .00000 .. 400000  .00000  .00000  +00000 00000  +00000  +0000D  .000DG 403000
.00000 . 100000 . 400000 +0000Q 400000 400000 . .000N0  +00000 00080  .00000 . +0000D
.00000- 400000  .oopoo 400000 . 00000  .00000 00000 00000 00000 460000 <0000
<00000 . 00000 . 400000 . 400000 .00000 400000 00000 400000  +00000  .00000 400000
.00000 00003~ 100000  +00000 00000  .00M00 00000  .GO00C  +DODOO 00000 . +00000
«00000 - J00000 . .00000 ©.00000  +00000  .00000  +00000 00000 . <0000, . 500000  +6000D

+25023 _ +00000 . ,00000._..00000 400000.. (00000  .00000  .00008  .C0B80 . 00006 | 403340

'.HOTES: a) Cold air enters at lower left,

"b) Co}ﬁmné indicate angular positions along the matrix circumference at an interval of
20" each. S '

c) Rcws_indicate.axial positions along the matrix iength.

0%

t
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Parametric Considerations of the R_generator Performance

Figures 8 through 11 show the performance curves of the rotary
regenerator under the influence of several parameters | Each of - these

curvesjwas obtained by'a eareful.examination offthe data from several

ﬁisets of eight'tables,similar'to'those-discussed previously;_vThe rotary

regenerator_effectiveness;and'thefnumber“of'transferhunits.(NTUo)'are,thel
basic-variables in these curues;-plotted for'two;ualueslof the ratiolofl
uininun to maxinum'heat'capacity.rates, c, n/cnax’ two-values-of_thel:.
ratio of rotor heat capaC1ty rate to the minimum heat capacity rate of
air, c /C .;;‘and two values of the ratio of effective conductance (hA)* :

It is recognized that the number of transfer units NTU, expresses

“the "heat transfer 31ze of a heat exchanger configuration. As such it
.;is to be expected that the higher value of NTUo should correspond to a
'greater-heatttransfer'rate, both from the hot_air“to the-matrix as_well

'-as from the matrix to the eold air. Such a trend is seen in Figure 8

Further, an examination of Tables 10 and 11 respectively representing

the- enthalpy dlstribution for the hot domain . for NIUo = 5 and NTUO = 8

and an’ examination of Tables 12 and 13 respectively representing the d

' cold domain enthalpy distribution for NTUo = 5 and NTUO = 8 confirm
'fthe expectation regarding the hot and eold domain heat transfer rates.f

”J,Horeover an. examination of the distribution of condensing rates for _f

NTUo 5 and NTUo = 8 respectively shown in Tables 14 and 15, indicates

a higher condensation rate for the higher NTUo case an'observation con-
sistent with the greater heat transfer rate mentioned earlier.' Similar .

_:observations regarding the influence of NTUo can be'ﬂade_from Figures 9,

Lo -t S .
o . . o i Lo-k
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- Figure 8. Effectiveness versus ..N"I':Uo.._for.c . /C T 0.7,-‘._?
o Cr/cmin = 2, (hA)* = .0.7. min’ max |
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Figure 9. Effectiveness versus NTUo for C
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10

in/ Cmax ._'_ 0

. .
e

53




. 54

10

= 0.7

. / ) ) (hA)* =

80}

m %

2 4 6 8 10
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Table 10, Enthalpy of Alr in the Hot Part of the Developed Matrix

44,07 - 44,07 84,07 . 44,07 Bue0?  Bu 07 48,07 44,07 44,07 49,07 44,07
43060 . 4386 43,70  wsiTe 4370 3.0 3.8 4306 4387 43,9 ugee

) 43,18 43.20 . 83,35 . 4wy 43046 43,53 H3.ES - 43,61 43.b8 43,09 w372

L 280 w291 400 wseo? 43413 43,20 43,27 43,31 83,38 43,45 93,49
42,43 42,95 $2:66  M272 42079 42,06 42,98 63,01 83,09 43,16 43028
42,08 . 42,19 | 42,29 42,38 92045 82,83 42,63 42,68 42,77 nz;as 82,92
$1.70° 41482 #1.93 uzeg2 S2410 82,98 42,28 42,38 42,43 4245] 42.58
9031 4La84 8352 Wl 4l.ph 61,83 9292 42,00 42,08 © 4217  u2.zé
40,92 61,02 _ 41,18 S1427 G136 41,45 81,55 81,68 43,73 41,62  41.90
40,27 40,61 du.as 44,80 40.p9 41,04 41,13 41,23 _“_¢1!33 i, 4 o elen2
39.08 39,77 40.26  4U.8  up,ea 0,82 BlaBl - 81,8 . 80426 . 40,98 | 41,07
37.76. 38,71 3946 . 3992 40028 . - 40,68 | 40480 . 40,98 . 41433 41,01 %1s07

NOTES: a) Hot air enters at top left.
' ' trix circumference at an interval of

~along the matrix length,

_ c ..
e) min.
max
S ' 0£
Dot

0.7 .

b) Columns indicate

20° each,

d) NTUo = 5.

angular positions elong the ma-
¢) Rows indicate axial positions

95
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B ' o 'f. '. ‘Table 11, Enthalpy of Air in the Hot Part of the Developed Matrix

i

f ' S e
; ' 43,55
I

ﬂzo;a'
91.95

. %1410

3T

44,07
33,63

43,5

$2.73

40.58
39,34

35.65

43.21.

G2.BY
42046
mqa.nﬁd_;.
.

41,69

.“1025_mﬁ
“0074 .
“0-091%_

. 3m.es

37.86

' %3,67
B3

;#1075

40484

29.77

T

42495
82458
s2e21
L 41,90
4133

38.87

. C‘rm'.n
e) C
max
. Cr
" £) .

= 0.7 .

44,07
43,74

. 43440

43,04
42,69
42.27

Ql.49 -
. 40.97
CTPSY I,

40,77

NOTES: a) Hot air enters at top left.
T - trix circumference at an interv
~along the matrix length,

W07
43,77
43ius
4312
. 42,77
| 42439
41,97
41,55
41,08

80,96

. '00067 -

o 4019 .

44,07

43.83
43.5]
43.18
$2.84

42049
82,10
41,68
#1,22

40,66

30,67 .

4045

44.07
43.86
43.60

. B3.26
42092 -

4258 °

Qloao

8134
40.78 .
40.75 |

20.562

d). NTUo = 8,

42.21 -

D a0.94
40.87
40.76

4,07

43,90
43.64
43,33
43,00

42.66

Y2426
,11090_

4104

b) Columns indicate an
al of 20° each.

“4.07
" 43.92

43,70
43.43
43.08
02,74

82.37
" 41495
41.52 -

41.01
40,97

40.86

44407
33.95

4373

4345
43.13

_uzoao
B2445
4208
‘4l-68
C4le19
“1;11'

41s02

44,07

- 53.97.
43,76

43.52
63.24
42489
42455
42419

. #1.76

41.30

41,26
T hiel%

angular positions élong the ma-
¢) Rows indicate axial positions
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Table 12,

Enthalpy of Air in the Cold Part of the Developed Matrix

29.45825
_29.13156
26.90315
28459305
28425006
 27.89745
é?.&u?af
. 27.39280
27.45120
28,49370
S2468224%
23.40267

27.86223 27.70954 27,6749
27,58033 27,41554 27,3/006
27.28077 27,16470 27,00533
26,9609 26,84051 26,76352
26.62528 26,50947 26,485834
26,29531 26,18672 26,14549
25,99359 25,87276 25,77500
as.éa1za.as.$uaua 25,47196
25.40897 25,20073 25,04272

24.85164 24,58595 24,33649

22.84928 22,91016 23,0116

23,48267. 23,UH267 23,4267

27.592n1
27+32580

270023a!

26472457
26436159
ée-ozaea
25.68906
25,25934
24.81219
24415263
zaeoiauu
23.48267

NOTES; _a) Cold éir enters at lower left.

matrix circumference at an interval of 20° each.

‘tions along the matrix length.

e) Conin
C .
max:
o c
£ —
min

= 0.7 .

27.52795

27.26%01

26.94409
26.6Np1 1L
26426391
25.95477

25.5647%5

25,14908
24466945
23.98428
23,1757

23.40247

b) Columns indicate angular positions along the
_ - - ¢} Rows indicate axial posi-
d) NIUo = 0;7. ' o

27.u3368
27,1886
26.%21"69
26450301
26.20673
25.81399
25.44117
25,n2BAT
24452934
2&;#4920
28.28777
23.4U267

27,4077
27.06p38
26.77459
26,45880
2@.03363
25.74557
25.33088
24 BpRTT
24436009
23.8¢A7T
23.27228

23,482867

27.32129

27.0308%
2669363
2634737
26.02R98

25463904

2024058

24478294
2% 30284
23,73511
23429504

23.48267

27.22036
26.91804
26459156
26428732
25.880653
25.52684
25.13035
29465372
24, 15949
23.62923
23,30720
23.48267

27,118%8 °

26,816%6

26.51288

26.16237
25,8209

2%,u4195) -
24,95606
24,5419%

26,06117

23,594%91
23,37600
23,48267

8s
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‘Table 13,  Enthé1p}_of

Alr in

the Cold Part

of thé

Developed Matrix

3065182
- Mn.20107
e9.588108

29.95663°

29.28877
28.88581

28,50482

2805480
27.70017
2807446
3469885
23.48267

2811539
27.83480
27.52278
27.20852
26.83091
26452401
26,11310
25.78874
25.51615
25.68039
gz.eqard
23.48267

28.03641 27,95771
27.76524 27.68855
27.52500 27.30582
ai.naqga 2705239
25484182 2665012

26,08371 25.94612
28,7006 25.50915
25.41319 25.32349

25.01629 24.54704

22.52964 22,72435
23.48267 23.48267

27.87398
27.59n93
27.29329
27.01569
26,64802
26,27287

25.A%448

25.47011

25,05936

24,15609
22.86099
23.48267

| NOTES: -a) Cold sir enters at lower left.

matrix circumference at an interval of 2

‘tions along the matrix length,

v C.
e) ;fnln = 0.7
 °uunt_
Cr -
£y T = 2 .
: nin

+ .

27.79877 27.73%40
27.55092 27.48971

27.267T0 27.13625

26.86822 26.62724
26.49643 26.04832
26.11565 26.06696
25.73226 25.67064
25,36154 25.24334
24.84907 24.6;279
23.87365 23.70330
23.00829 23.08661
23,48267 23.48267

b) Coiumns indi
0° each,
8.

) NTUo =

27.65054
27436777
27105463

26.6?;&“

'2602949ﬂ

25.91764
2h5.56466

25.06767

237675

23.59164

23.48267

27.61307
27.30365
26496916
26i62865
26,264841
26,85878
25.42888
24.91656

24,22173

23+57637

2328852

23.48267

27,5497
27.21263
26.83408
26.u?755

26,10553

25.76412
25,29278
24.78236
24,12121
23,51112

23,48257

57.42874

2709774
26480135
76.43355

26.05517

?5.60125
25,1360

24.56542
23.94906
23.41061
25.31057

23.48267

cate_aﬁgular positions along the-
. -¢) Rows indicate axial posi~..

6%
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5 Table 14, Mass Rate of Condensed Water on the Hot Part of the Developed Matrix
| : . _ _

i ".00000 00000 ,quqon_.j.oﬁuno 00000 .noﬁbd ' }oodoo._ +00000 00000 ,00000  ,U0VUT  ,0O0VD
! +0u000  ,Q0000 00000 . LOUOD  ,000A0 . +080n0  +0DODD  +U00EO 00000 100000  LUDUOD  +0UOD
i sQ0000 . .ooooo'_“.qouou .+0V300  ,00000  +0NOHI 00000  <00000  »00000  +00000 +00000 =guoue
; 00000 100000  ,0U000 +0U000 400000 400000,  +D0000  »0000G  +00000. +00DO0  4OOUOD  +DUOVO
' +00000 .00000' _,aoaud .00000  .00050  «O0ADQ  +00000  +00000 00000 400000  .0OUGO . +008G0.
L.

«00000 (00000 . (00000 LOUUOD  <0BDGN  +000S0  +00000  +000NG 400000  +QDOUO  LUQUDD  +0UGOO
.7 400000 .00UG ,01000 ,OUGGO - 100000  +00pB0  »00000  +06000 . =0000D © +000UO  ,0DUGO  +000UD
j B R 400000 ' +00000 . ,0UDOD . 4OUDOO  +000nD  00M00  +00000  «0ADOS  +00000 - «00008 - 4U0UYD  +00OGD
' ‘_.onooo ..02255 ...+01868 _ ,0U000 00000 '.onooo ;00000 +0000¢ 00000 00000 +00000 - «00UUD
(00000  ,09221 14799 . L1/510° 17321 L1%2a2 12368 08615 _ 404189  .00000  ,U0UUD  .OUOUO
. .00000  +3244%  ,20180 20362 - 29757  J3138%  +31677 30853 29882 27097  ,2296¢ 18008

NOTES: "a) Hot air enters at top left. b) Columns indicate angular positions along the mawf.

o trix circumference at an interval of 20° each. = ¢) Rows indicate axial positions
-~ along the matrix lemgth.  d) NIUo = 5, : ' '
N
ey 2B.og7 .
- o
' :(anin
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Table 15. Mass Rate of Condensed Water on the Hot Part of the Developed Matrix

-

+00000 ..

.00000

. «0000Q
00000
+00000

«b0000
«00000

-+ 00000

+00000

.. s08322

+00000 __ 400000 ..
- +00080  000Q%
00000 .

400000 _ .00000

_ +00000 ___ 400000
+00000 200000
 +0DI00 . +DOCOO

+ 00000 .. 050000

014238 ,23367

00000, __+09666.. 219431

+00600 .._ +08000

+00000
- »00000
+0000d
. «00000
+00000

00000 ..

+00000

+00000

. «08149

L..e2B334
._e275l0 .

NOTES; a). Hot air enters at top léft.
trix circumference at an interval of 20° each.
along the matrix length.

Cmin
) & =
“max
C_.
f) ——=2.
c&nin

:.00000
.. +00000

_ w0122

+00000

«00000 :

200000
«20a00

. «00000

00000

#3039 _
32072

b) Columns indicate angular positions-aiong the ma-
c) Rowq indicate axial positions

00000

00000

«00000
. oﬂbﬂﬂﬂ

+00000
+00000
+00000
+00000

. +00000

«29Th2
+36100 .

~d) NTUo = 8,

200000
«00000
+~000a0

«00000
00000
. +30000
00006
00000

+00000

+25453
36500

00000

00000

+00000
+NQ000

«0D0000

+00000

+00000

«00000.
+ 00000

«20891

+35842 -

009000
00000
«00000
« 00000

+00Q00

400000
406000

» 00000

~ +00000
15749
34565

»00000

"+ 00000

00000

00000

200000
000080

« 00000

+00000

+00000
+09930

«32913 e

«00000
+00000
00000
+00000
+00000
400000

00000

«00000 "

00000
.03388

+ 30938

19
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.fA.verysinterestingIobservationfregardingfthe‘influenoe of conden-
sation on the rotary heat exchanger effectiveness can be made.on the basish.
of the preceding disouSSion on the role played by NIUo in the heat trans-'
fer-process._ It appears that the start of cold air humidification,lwhich

:-might prove to be a critical design condition in app]ying the RHE to such
systems where it is tolbe avoided ‘can be identified as a point on eaeh
'of the NTUo = Effectiveness curves for .a given set : of such parameters as

Cminfcmax..cfldmlé;rand (hA)* In other Words, although the effective-
‘ness shows an.apparent increase due to the cold air humidifieation the
.need to aVOid the 1atter-puts an upper'limit on the former. .Figure-12
shows qualitatively how such design information might appear on the
ﬁEffectiveness versus NTUo curve foi prescribed states of entering air

””streams. That suoh information was, not obtained in this investigation

due to 1its preViously stated limited.seope, does not"preolude a further

's.exploration of the numericallmodel developed herein just,to obtain such
ddtd;'
Figure 13 shows the influence of the parameter Cm'nlcmes on.the

RHE effeotiveness. It is- seen that for the case of a higher value of

.the heat capacity rate ratio the effectiveness is higher both for _f"
fNTUo 5 and for NTUo = 8 A p0551ble explanation foi such’ a trend oan
be proVided by first observing that a higher value of C ;;fdm;x~amounts ;;
to a higher flow rate of cold air in this investigation. As a result

fthe average temperature distribution within the matrix is at a lower

-1eve1 than that for the case: of Cmiilcmax ='0,f. The.consequence ofnthis -

is- that for the. higher average - temperature distribution, all: the condensate )

By T
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Figure -12, Qualitative Sketch of the Influgnce of'Huﬁidity
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in the hot domaln is reevaporated prior to reachlng the cold side. Such :
is not the case for the lower average temperature dlstrlbution, rather,

_ there is-a-carry50ver of-eondensatewto the eold side. This condensate
being at a higher temperature than the 't'emp_erature of the incoming cold

air allows a greater-heat:transfer‘to[the latter;f:A1though this influence -

is-limited to'only the firstgcolumnjof elements on'the'coldjsidel(due to

immediate reevaporation of condensate_due-to heatztransfer'from_the'maJ

trix), the end result is a slight ‘increase ‘in regenerator effectiveness.

. Figure 14 shows the.influence-of'c /C'.'n on-the reéenerator per-

"formance. It is seen that at a hagher value of this parameter the
-effectlveness improves This trend has been previously observed by other

'1nvestlgators and'has been-explained onathe-basis that at a higher heat;

capacity rate of the matrix, 1ts performance approaches that of a' non-

Irotating conventlonal counterflow exchanger.

The 1nf1uence of (hA)* although reported by other investigators

:to be negllglble for the range cf variation considered in this study,

seems to be slightly in variance with other studies -as shOWn'ln-Flgure

-r15¢- It is likely that this is more a- consequence of computational errors
“lnvolved with the present model and the resultant truncation error than

1t is an 1nd1catlon of a physical mechanism.

Figure 16 shows the influence of increasing the number of matrlx

'elements on the effectlveness of the regenerator._ That this 1nf1uence 1s-".
'ertremely small is a proper justification for extrapo]atlng the reSults-’

to the case of a very large number of elements. .

Ly PR
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-CHA‘P‘T_ER VI .
© CONCLUSTONS AND RE'COmiEﬁDA_TiONS
| The rvesearch reported.in'this ierestigetieh hee_demoﬁetreted.that
Ili) _ -_It'ie:feeeible to examine rotery3heet exehengerlperrormahce; with
Iat ieast ene.condenetng.fluidIStreem threugh it, by the'nuierical teeh-
eique'developed'ih this:ebrk | . | | o |
it) - " Although an-epparent 1ncrease in the retary heat exchanger.effec-
: tiveness occurs.as a result of cold air humldlficetion caused by a
carry—over of condensate from the hot domam of the rotor matrix, the
need to- avoid humidification of co]d air in certain eppllcations puts an
upper 11mit on the effect1veness of the. heat exchanger. :
_ For future 1nvest1get1ens on the subJect At is suggested thet_

i);' Emphasis be placed on examlnlng 1n more detail the 1nf1uenee of
g _ both the heat cap&c:l.ty rate parameters considered in lhis .investigation, .
with particular reference to the quantitative definition of the condenf
sate carry-over condltions.""'. - | | .

_{i) ;h For elder applrcetion of the numer1ea1 technique develeped in
.thls work efforts be made ‘to examine.the 1nf1uenee of d1fferent enter-f
{ing gas-stream'states;_ |

111) A 51gn1f1cant1y large number of elemeets of ‘the matrix be con+ f
.':31dered with truncatlon errors of computation lemited to an order of :

"mageitude-smaller thentthose'utlllzed_ln thls work.
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| APPENDIX I
DERIVATION OF EQUATIONS (3-27) AND (3-28)

é)"Deriﬁatioﬁ"qf Equatidn.(3727)_:

 From Equation.(3—23)_and_equation'(3;20),”we'have

- m (i, 541) -?-—Bf*_[w(i,-j)_& _W(i+i,j_)_‘] +m (1,3). S (A-1)
Let . Q=5 [hné.('i,-j__) - h;o(i+1,j'->-]’ o S € )

' Inporﬁbfating:ﬁdﬁépions (A-});and_(AFZ)_ihto‘Eqﬁﬁtidﬁ (3-21j.yiélds_  .

[

e

Q=5 [W'(i,j)l_: -W(z-l-lj):lcpw T, $+1) + -_fi--ni",(i,jé*- Cpw ¥ &9

2T(1,9) + T(L, 1) + (TE4,9) + TAH, B | .
From Equation (3-.'_24)."-=.7_-:-_ I

WAL ) = | —
: pm o .

|

X cp-r][m._(i,:_j_a-n" S n | - 5 [, iy F 0L 3) -
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) For simplificatidn'lef |

Zo C N N2 . - (a5)
a pm - R
Equation (A-&)'can now be.fewritténjas

.W‘(ﬂ-l,j) _#-%—;% W(i?j)'{-%Wéavé(li,'j):'.' I '_”(_A-e)-- '

 Incorporation of Eqﬁatioﬂ (A;G) intoIEQuatibh.(AQB) yieldé__
[(1 - N_-l-'ﬁ) W5 - g W .(1,3)]. Cpw T(L,J¥) + (A7)

gavg -

S o o m_ G - S .
a F:‘_[Fw(i’j)ich'f'EEK_Eg T(1,3+1) E T(;5j)] -

m_HCS4 [(T'(_i_-l,'lj)._+'T"(i'-.-1,-j.'.._1)_.),_ - 2L D) + T(, 1)) +
(T(F, §) +_'_T'('"i#1",-j+1)"):|:,,' Ce

- S a0 S Ll - o S

.f‘Finally cnmbiningﬂﬂiﬁéﬁidnﬁ_(Af?)-&nd.(A;S);“ﬁﬁQ_ﬁthiﬁs :f]l : '

b (41,0 = b G0 - E (R - W Te ma - L e

e ".-V(Confinued)f
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m
- Ta.

e me .
e S [re 0 10,0 ] - wos v [aenp +
T-1,36)) - 2(T(2,9) + T(L, D) + (TN, ) + T(i*l?i“)')] .

=

If we incorporate Equations (3- 29), (3-30), and (3 -3 into Equation

'(A 9), we - will have the reSultlng Equatlon 3- 27)

b) ;Derivatiéﬁ'ofﬁEqﬁatidn_(3-28) o

‘From Equation (3—22)‘wefhéﬁelf

b, (1+1 » - ¥s B (i Jj + = ZB sa'vg(:.,j) R S (DR
Adding_and subtracting ﬁ;ﬁ hm(i,J),
B G, =, s 1Y % os1 KU SR yes j)) A Ve £5)

‘which {s the same as Equation (3-28),

[




SET MAXTMUM NUMBER OF 'PASSES
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AP]_?EﬁI)IX i

. . COMPUTER FLOW DIAGRAM

SET NUHBER OF ELEMENT NN INTO WHICH THE.
MATRIX IS DIVIDED '

N
SET THE FOLLOWING VALUES OF THE HOT

CENTERING HOT AND GOLD AIR .

- TEMPERATURE AND RELATIVE HUMIDITY
B ACCORDING TO EQUATION (3-32) '
HC84 ACCORDING '1‘0 EQUATION (3 33)
Cr

N

SET MAGNITUDE oF ALLOWED ERROR IN REVERSAL CONDITION'”
ENTHALPY AND HEAT 'BALANCE -




CALL SUBROUTINE NUMBEﬂ

WRITE TABLES OF RESULTS A(‘CORDING TO TABLES
2 THROUGH 9

_ INCREASE THE NUMBER OF ELEMENTS OF THE MATRIX

. | 'AND REPEAT ‘THE WHOLE THING UE “TQ HERE .

oy NTUo

b)Y EXTRAPDLATE n TO INFINITE NUMBER OF ELEMENTS
WRITE EVERY VALUE (OF THIS BOX

e ————TE e a

74




‘SUBROUTINE ‘NUMBER.

- | WHAT THIS SUBROUTINE DOES HAS ALREADY BEEN
'EXPLAINED IN SECTION (4-3) .

'RETURS- _
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