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Analysis of regenerative enthalpy exchangers
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Abstract—A computationally simp’2 model of a »olid desicean: air-to-uir entzalpy excharzer is developed.
The theory of equilibrium exchangz svstems is used to esta>iish the opera conditicns under which
enthalpy exchange between the two fow streams can he aecomplished. To achicve masinmum enthalpy
exchanpe between the two air stres as, the regenerator must B2 ooperated at conditions suel that neither of
the two transfer waves reaches the outlet of the enthalpy cechanger. Cormpuarison with: the numerical
solution of the coupled equations for linite transfer coctiiciznts shows that the produst of two nun-
dimensional paramcters, §,I, must be greater than 1.5 in erder to operate the enthalpy exchanger at a
point where the enthalpy exchange effectiveness is determined only by the number of trunsfer units, The
cuse of infinite rotation speed is used as a basis for develrping o computztionally simple measure of
performance. The outlet states are computed using the ¢~ N7 correlations for counterflow direct transter
heat exchangers. 1t is found that these correlations are accurate at operating conditions where enthalpy
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exchange occurs. The predicted outlet states lie, in the cuse of unity Lewis

number, on a straight line

connecting the outlet siutes.

INTRODUCTION

IN REGENERA TIVE heat exchungers, also called periodic
flow heuat exchangers {1}, heat is transterred from the
hot Huid during the frst period to 2 solid energy
carricr and. during the second period. from the solid
to the cold stream. The governing heat trunsfer mech-
anisny is convection.
regenerator (vpe and flow arrangement are used (o
accomplish the alternating heating and cooling of the
The valved tvpe alternates the two flow
streams through a fixed bed. Continuous operation
is possible using two regenerators. The rotury lype
permils continuous operition using oniy one matrix
by rotating the matrix cyclically from one stream to
the other.

Regenerative heat exchangers are 2's0 mass ex-
changers il phase chunges of one or morz components
of the fuid streams oceur within the thermodynamic
operiting conditions, Thete e two
transfer mechinisms that can occur in beat exchange
operations : condensationfevaporation and sorption.
desorption. Both mechanisms are described with the
sime dilterential cquations, but with &tferent ther-
modynamic relationships. Cundensuation and evap-
oration can vceur any type of matrix. The
SOFPHOE PrOCcesses require 1 matrix carrving sorptive
patticles such as sitica gel o fithivny chivaide crysials
For this type of matrix. the components are trans-
ferred in an adsorbed rather than a condensed phase
and the
belaviar,
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Two ditferent combinations of

changer is used as a dehumidisier, the desired outlet
state of the process stream is @ state of low absolute
humidity. The change in enthaipy ol the two streams
is vers smaldl for well designed dehumidifiers. Inenergy
recovery applications. however. the goal is to have the
outlet state of one stream as ciose as possible to the
inlet site of the other stream. Therelore, a high

enthaipy effectiveness is desired and the regenerator
is rcl;‘r:'cd to as an cithalpy exchanger.

Several models hise been desveloped for ddsorplive
heat wad mass exchangers {200 as well as for non-
hyygrescopic devices with mass transfer in the con-
densed phuse ["~-1U'~ Most of the previous studics
on adsorplive regenerators have not considered the
conditons relevant for enthalp: exchangers, focusing
insteud on the analssis of the »arious solid desiceant
cycles using rotary s2 n:nb}e hear exchangers as well as
regensrative dehumidifiers.

Thes stody presesis an andd
changoss used Tor

vsis ol enthalpy ex-
ety ree ey cotnbunation
with conventional wir conditioning systems. The fluid
streamsare treated s binary miviures of air and water
Partinl dilerential cguations are
deserite the exchanger perforniance. In order o cal-
culate the outlet states for a given set of system pur-
ameters and inlet conditions, u faite difference scheme
has bren by Modaine-cross |3
imples cited in o FORTRAN cilled
MOSHMX. The tinse difference solution
considorable CPU time and is net suited lor fong-term

vitpor. el o

developed HON
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requires

svaiens simuliations. A simplificd method haesd onthe
cliecti s correbes s for o conmterflow der s tvpe
heriw Changer i prosented wivch praedicts the outlet
stite o a0 vl ined  onthalpy evlinmger.
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Tin H

N derivative of o thermods namic stite
property function :

A, heat and mass transfer aren at period f

N Huid specific heat

. mulrix specific heat

o ratio of minimum to maximum air
capacitance riate

o first combined heat and mass transier
potential

Fy second combined heat and mass
transfer potentiul

2 heat transler coctlicient

iR muass transler coellicient

i specific enthalpy of humid air

L, specific enthalpy of the matrix

/, specilic enthalpy of water vapor

specific heat ol vaporization

i specific differential heat of adsorption

L flow length of the rotary regenerator

Le Lewis number, NTU NTU

i mass flow rate of dry air

M, muass of the dry matrix

NTU,  number of transfer units for sensible
heat transter (period 7). o, 0, /o,

NTU,, number of transfer units or mass
transfer (period j), oA, /1y,

NTU. number of overall transfer units for the
counterflow direct type: NTU,, /2. for
heat transfer; N7U,, /2, for mass
transfer

te temperature of humid air

. temperature of the matrix

r time required for one regencrator
rolation

iy humidity ratio of humid air

INRIESRERAA

NOMEPrICTATURE

W, humiding ratio of humid air in
cquilibrivm with the matris
W humidity vatio of nimid air at
saturation .
I, waler content of the matrix "
Woae  magimum water content of the matrix

X - low coordinate
z dimensionless low coordinate, v/L,

Greek symbols

1, time fraction of peciod 4, 177
7 averiged combined capacitance ratio
I, ratio ol ‘matrix flow rate’ to air flow

rate (period j). AL, i, T
L, enthalpy transler eflectiveness
I, heut transter clicctiveness
£ mauss transfer cllectivencess :
0] time coordinate :
A dimensionless wave speed of the ith

transfer wave

6] dimensionless time coordinate, ©; 7.
Subscripts

DA dry air

DM dry matrix

f fluid or air state

i I or 2, index for the two combined heat

and mass transler potentials

in inlet state

J lor 2, index for stream or period

3—j index for the *other’ stream or period

m matrix state

oul outlet state

sat saturated state

w water.

the runge of system parameters and inlet conditions
where the computationally simple method applics. A
parametric study is presented in order to examine the
cllect of mass low rate, rotation speed, heat and mass
transier cocllicients and the desiccant propertics on
the parformance of enthalpy exchangers.

2. MODEL FORMULATION

Figure 1 illustrates a rotary regencrator - with
a matrix which is cyclically cxposed to physically
separated wir streams in counterflow arrangement.
The regenerator is rotating between two ducts which
arc separated by a wall to prevent mixing of the two
air streams. The two streams are referred to as stream
or periad 1 (in this study, the stream with the lower
temperature) and stream or period 2. The analysis is
based on the fullowing conventional ussumpltions.

(1 The state properties of the inlet stremms entering

the regencrator arc steady and uniform in radial and
angular position at the inlet fuce.

(2) There is only a small pressore drop along the
axial flow length compared o the total pressure; the

@

m
Ift,in trl,out
W {l,in W f1,out
m gz mp
U2, 00t t2,in
W 12,0u W i2in

Fi. 1 Coordinate system and nomenclaiture of a rotars
reyeneritor,
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changes of thermodynamic propertics of the fluid and
muatrix are not affected by this small pressure drop.

(3) The mass of air entrained in the matrix is small
compared to the mass of the matrix. Therefore, the
energy storing effect of the air is neglected as well as
the carry-over of air when switching from onc period
to the other.

(4) The mixing of the fluid streams through leakage
past radial scals is neglected.

(5) Angular and axiul heat conduction and water
difltusion due to gradients in temperature and con-
centration, respectively, are neglected.

(6) The matrix is considered to be a homogeneous
solid with constant matrix characteristics, constant
porosity and uniform propertics’ in the radial
coordinale.

(7) The heat and mass transfer between the air
streams and the matrix can be described by overall
convective transfer cocflicients which are constant
throughout the system.

(8) The regencrator operates adiabatically overall.

The conservation and transfer rate cquations can be
written as:

energy -
afe Gl
s F T =0 )
diy '
(-7_:' = Cp /VTU(/(Im - Ill')+ iw NTU\»./(W"\ - Wl’) N
2
mass
Sy .y ¢y, 0 X
a Tk = ®
vy
*'(:-:' = IVTU“,(H'“., - H'f). (4)

Lyuations (1)--(4) fornt a set of coupled hyperbolic
differential equations. The coupling is a resull of two
diflcrent effects. First, there is both a sensible and
a latent term in the energy transler rate cquation,
Furthermore, the equations are coupled through the
thermodynamic relationships between enthalpy, tem-
perature, und waler content: '

fpo= dy (ty, ) (5)
Ly = 1,10, Wa) (6)
Wy = W (i) 7
i (1), ()

Following ASHRAE {I1]. humid air at ambicnt
pressure is treated as an ideal gas misture of dry
air and wuter vapor. Equation (7) is the equilibrium
rebtion between the water content of the matrix amd
the humidity reto of the air and is known as the
adsorption isothorm correlation. The enthalpy of the
Matrix in cquation (6) is determined in opart by the

et S

737

-

adsorption isotherm correlation, th: specific heat
capacity of the matrix material and e enerpy effeet
involved in the adsorption process, relerred to us heat
of adsorption. Two different adsorption isotherm cor-
relations were, used in this study. The Dubinin-
Polanyi theory wus investigated by Vin den Bulik {12]
to describe the adsorption characieristics of silica
gel whereas a generic isotherm modzi develorad by
Jurinak [2] was used for molecuizr sicves and
Brunuuer Type 3 adsorbents.

Equations (1)~(8) form a set of dillerentizt and
algebraic cquations with eight thermmodynamic state
properties as the dependent variables and the non-
dimensional axial flow dircction = and time @ o5 the
independent variables. The boundar: conditicns of
the system are:

atz=0 wi(z=0,D)=wy, . j=12

lf(: = Ov (D) = {(/.m ./ = l* z

atd = f;

i v, (o) = Hmow, (oo e 1,2
.:x. o, m ) ‘bl.l}”l, m ) !

W fi”

hm g, (z.0) = lim ¢, (z,®) j=1,2.
x ®eefi”

The last two cquations are called reversal con-
ditions and imply that, at steady state operativn, the
matrix state at the end of one period mmust be equal to
the matrix state at the beginning of thie other period.
The reversal condition is the reason for the substantial
difference in the solution techniques of the fixed bed
and the rotary regencrator since iterative methods are
required in order to find a solution which matches the
reversal condition.

The coupled non-linear system of cquations ¢1)-(8)
cannot be solved analytically and thersfore numerical
or approximate analytical solution tzchniques must
be used to determine the outlet states as well as the
stute property distributions of the Tuid snd the matrix.

3. SOLUTIONS FOR UNCOUPLED SITUATIONS

The energy and mass equations ma: be unce spled
under certain sets of operating condiiians. In thz case
of infinitc transfer coecllicients, the regenarator
becomes an cquilibrium exchange sysiem and i be
described solely by the conservation iaws and ther-
modynamic relationships. Van den Bulek er of. [4]
developed a wave model for determining the vutlet
stream states of ddeal {infinite transor cocllizient)
regencrative heat and mass exchingers, e con-
servation faws cun be translformed into a st of
uncoupled kinenitic wave equations csing com™ined

heat and mass transler potentinls coitend the
enthalpies and humidiny ratios:
PN AR aly
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FiG. 2. Regenerator inlet states with lines of constunt /-
: potential.
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The dimensionless wave speeds 2, can be computed

as the solution of the following quadritic expression

{H):
u:aj/'.:+(a,a,—111(l3~(13)2.+(13 = (. (n

The o, coellicients are derivaitives of the thermo-
dynamic state property relations

aw, oI, 8i
=15 D=\ a= 5
(’fm wy Wy, (n U’r Wy
4 diy al, ) cl,
=) - = g =|— 1} |
4 e oW d Clo v,

The combined heat and mass transfer polentials
were first introduced by Banks [13] and are frequently
referred Lo us F-potentials. It is not necessary to com-
pute absolute values of these potentials. The charac-
teristic lines are lines in the D/~ plane wlong which
the F-potentials are constant and are defined by the
following diflerential equation :

dz A 13 2
d@/p) T T (12
Van den Bulck er af. [14] showed that. along the
characteristic line, the following relation between
tlemperature and humidity holds :

dyay die+ (a3 —aslda, dwy = 0. (13)

Integration of equation (13) yields lines ol constant
£ potential in a psychrometric planc us shown in Fig.
2 for a pair of air inlet states. Lines ol constant /|
resemble lines of constant enthalpy whereas lines of
constant f, are similar to lines of constant relative
humidity. The intersections of the fines of constunt £~
Potential through the inlet states are clled inter-
seetion points. The targetof dehumidifier applications
is dehumidification of stream | with regeneration of
the matrix provided by stream 2, i.c. the desired outlet
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Cnathet

First Winve

Second Wave

0 b 1
By
F1e. 3. Wave dingram for period 1 ol an enthalpy exchanger
with infinite transler cocflicients : fightly-<hided, inlet stte
of st I warm and humid 3w shaded, intersection poing
atlow humidity ratio, hot and dry s dark-shaded, inlet state
ol stream 2, hot and hurmid,

of stream 1 is the intersection point at low humidity
ritio.

For enthalpy exchangers, high enthalpy effective-
ness can be achicved i both potentials chunge. For
the desiccants considered in this study (silica gel and
molcculur sicves) the wave speed 4y of the /)-potential
is about 10-100 times greater than 42 The transfer
process can be illustrated in o wave diagram shown in
Fig. 3. The slopes of the two wave fronts are deter-
mined by equation (12), Assuming that 2, and 7, arc
approxintely constant for the process, the slopes are
represented by the dimensionless parameter 1 which
is the ratio of the *matrix flow rate’ o air Now rate. I
the mass of the matrix and the air flow rate are fixed,
Iis a function only of rotation speed. Therefore, the
rotation speed specilies the ratios of the dark-shaded
to the un-shaded and lightly-shaded arcus. Each area

- represents a distinet transler zone with defined state

properties as indicated in Fig. 3.

In Fig. 3, the value for 17y high enough such that
neither wave reaches the outlet of the regenerator.
This reflection of both the first and sccond wave
results in enthalpy exchange between the two flow
streams. With infinite transfer cocflicients and cyual
(balanced) air flows. the outlet state of stream | will
be the same as the inlet of stream 2. The rotation
speed of an enthalpy exchanger must he high enough
to avoid the breakthrough of the first wave, Beyond
that limit. a further increase of the rotation speed
does notimprove the performance of the device.

The cquilibrium analysis described above is exact
for ideal regencrators with cquilibrivm between the
Bund streams and the matrix and holds approximately
for regenerators with high transter cocllicients. Non-
cquilibrium systems with finite transler cocflicients
tend (o smear the transler 7ones.
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Equations (1) ¢1) can also be uncoupled for the
case ol infinite ratation speed. Inlinite rotation speed
is equivalent to an infinitely high value ol the dimen-
sionless parameter I After rearranging equations (1)
and (3), the conservation laws for infinite rolation
speed reduce such that the matrix water content and
temperature become independent of the rotation angle
{or time) and the partial differential equations simplily
to a system of ordinary differential cquations. These
equations are still coupled since the enthalpy of the
transferred water vapor is a function of both the tem-
perature and humidity ratio. However, the sensitivity
of the outlet air temperature to the number of transfer
units for mass transfer is ubout two orders of mag-
nitude less than the sensitivity to the number of trans-
fer units for heuat transfer [13]. This observation allows
the latent term of the air enthalpy to be neglected
which results in the following uncoupled equations

diy  mys di

R (14)

le%l gzl:, ‘:jli-" =NTUylta—=t) =0 (15)
T %E%LO (16)

%‘érl :::. %" —=NTU, (wp—wy) =0. (17)

Equations (14) and (15) and (16) and (17) are cach
a sct of independent equations and cach is analogous
to the conservation and transfer rate expressions of a
counterflow dircet type heat exchanger. The outlet
states of the air strewms citn be computed conveniently
using the humidity and temperature effectiveness

. Wi ™ “'t/‘.iu
Bl D e i

(18)

Wi PG “‘l’;jn

[I'/.mn - [!’/Jn

(19)

g =
Ley i = ipin
These cllectiveness fuctors can be computed using the
refations for counterllow direet transler heat ex-
changers along with the appropriate number of trans-
fer units [1]. For the case of balunced Now streams,
the correlations simplily to

, NIU e v = YU 0
by = i+;VTU where VIV = - 5 (20)
NTU s NTU,
BT Where NTU s e R @2

In the case of inlinite rotation speed the slopes of

hoth the first and sccond wave fronts become zero as
shown in Fig. 1 Neither of the wave {ronts moses
completely throupgh the matix, The axial tow pos-
ition of the winve fronts depends on the inital con-
ditions. For Budanced ow. the outlet of stream 1 s
equal to the inlet state o sream 2 which is equivalent
e hamidity s temperatie elivetivenes in g

Orlet

AF <

i

First Wave

Fiiin
z F22,in
Sccond Wave
Fiiin
Fa1.in
0
0 i 1

B
Froo o Wave diagriom for period 1ol enthalpy exchanger
with infinite rotation speed.

tions (18) and (19) of unity. Compurison with Fig. 3
indicales that the outlet state ol regenerutors with
infinite transfer coeflicients rcaches the inlet of the
other stream even for finite rotation speed, as long as
the sccond wave does not break through.

4. MODEL COMPARISON AND
PARAMETRIC STUDIES

- The range where the infinite rotation
relations. cquations (18)-(21), can be used to predict
the outlet ofan enthalpy exchanger with finite rotation
speed and finite transfer cocilicients is investipned
using MOSHMX as o solution, Only
balanced flows are considered. Further, the two per-
jod fractions, B, and .. arc equal such that both
the arcas for heat and mass transicr mind the transier
cocllicients are the same for both periods. With these
assumptions the performance of @ regencrative heat
and mass exchanger is determined by the values of T,
NTU,. Leo c,. and the adsorption isotherm cor-
relation,

Figure $shows the outlet states of stream 1 in a

speed
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Fig. 6. Enthalpy cflectiveness as computed by MOSHMX
as i function of §,17 and number of trunsfer units for the
sane inlet stites us in g, 5.

psychrometric chart as predicted by MOSHMX for a
regenerative heat and mass exchanger with a high num-
ber of transler units and various rotation speeds. The
highest degree of dehumidification can be achieved
at medium rotation speeds, eyuivident to values of
I between 0.1 and 0.2, In this range, the regenerator
is operating as a dehumidifier with a breakthrough of
the first wave and a reflection of the second wave. Al
higher values of T, the outlet of stream | approuches
the inlet of stream 2 and the device is operating as an
enthalpy exchanger. Because ol the high value of
NTU, the outlet temperature and humidity ol the
process stream are very close to that of the regen-
eration stream, The predicted outlet states do not
change for values of I greater than 20.

A convenient measure [or the approach of the outlet
of stream 1 to the inlet of streaun 2 is the enthalpy
cllectiveness which can be expressed as
- iﬂ.nm - iﬂ.in
) ir:.in - ifl.im

Figure 6 shows the enthalpy cffectiveness computed
by MOSHMX as a function of the rotation speed and
the number of transfer units. The product 7,I" was
chaosen as the independent axis. The average combined
capacily ratio, §,, was computed as the reciproceal of
the non-dimensional wave speed 2, of the first wave
at the average state of the two inlet streams, as sug-
gested by Macluine-cross [3]. Therefore, the inde-
pendent axis can be interpreted as the reciprocal of
the slope ol the first wave front in a wave dingram
iflustrated in Fig. 3.

For the ideal case of sharp wave (ronts in equi-
librium cxchange systems, the first wave is reflected if
the slope of the first wave (ront is smaller than unity.
Thercfore, the enthalpy clfeetiveness becomes inde-
pendent of the rotation speed if 7, > 1.0 in the ideal
case. For finite transfer cocflicients, Fig. 6 indicates
that for 7,I" > 1.5 the enthalpy cllectiveness can be
considered to be a function of the number of transfer
units only.

The wave diagrams shown in Fig. 3 are based on
the asstmption of constant 2, and A, at each period,

S0 N ol

Onrlit

Hn-:n(vﬁrd
Fitnt Wave

~N

Broadened
Second Wave

B

Fia. 7. Wave dingram with hroadened witve fronts.

However, the values of the dimensionless wave speeds
depend on the thermodynamic state properties of the
air--waler desicennt system and must be computed by
solving the guadratic expression in cquation (1), The
wave speeds vary as the matrix state changes. The two
wave (ronts propagating through the system broaden.
as illustrated in Fig. 7.

The predicted outlet temperatures and humiditics
computed with the counterflow heat exchanger ellee-
livenuss correlations were compared to the finite
dilference solution. The crrors are very larpe for low
and medium rotation speeds but deerease rapidly s
the reciprocal of the slope of the first wave [ront
approaches the range where the regenerator is oper-
ating us an enthalpy exchanger. Figure 8 shows the
crror between the two methods, Therelore, the coun-
terllow cffectiveness correlitions can be used to pre-
dict the outlet states of enthalpy exchangers il they
are designed and operated at rotational speeds such
that 7, > L5,

The Lewis number is defined as the ratio of the
number of transfer units for heat transfer to the num-
ber of transfer units for mass transfer and is a measure
of the resistunce to water vapor diffusion into the
porous solid desiccunt matrix, Fhe value ol the Lewis
number for the solid desiccants is diflicult to deter-
mine. Schultz [16) found the Lewis number of a silica
gel dehumidifier to be near unity, while Van den Bulek
found Lewis numbers o 3 4 (or a shmilar system {12].
For Le of unity, the predicted outlet states lic on
straight line connecting the two inlet states. Figure
9 shows the predicted outlet states of an cnthalpy
exchanger [or varying Lewis number, For increasing
mass transfer resistance into the desiccant matrix, the
outlet states are no longer on the line connecting the
inlct states. For very large Lewis numbers the enthalpy
exchanger operates as a rotary sensible heatexchanger
where no mass is transferred between the flow streams
and the humidity ratios at the outlets are equal to
those at the inlets. : :

" The effeets ol nutrix thermal capacity nd desiceant
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FiG. 8. Absolute errors in outlet states computed with coun-
terlfew heat exchanger correlations compared to MOSHMX.

isotherm have also been investigated {15]. The speed
ol the first wave is significantly affected by the thermal
capacitanee.  However,  lor  enthalpy  exchange
(7.I" > 1.3), the enthalpy cllectiveness does not depend
on the matrix thermal capacitance. The effect of desic-
cant type can also be correlated. Figure 10 shows the
enthalpy elfectiveness as o function of 71" > 1.5 for
silica gel and molecular sicves. The wave speads for
molccular sieves are slower than for silica gel and thus
enthalpy cxchangers with silica gel must rotate {aster
to achiceve a valuc of 7,17 = 1.5,

5. CONDENSATION AND FREEZING

A rolary regenerator with non-hyproscopic matrix
usually translers only sensible heat from the hot o the

0es
Inlet 2
0.0
2
Foots £
A {hler 2 =
u Owlet | 5
e Sitica Gel | [ 0010 E
bnoes
e we g e [ el
My 25 in Bt}

Temperature {7C]
i, 9, Ontlet stetes of Sreams Eand 2 - uses
conmtertow heat caeloneer correlanon Lo bl oo 1

VP

1.0
v 0.8
g e
2
‘g 0.6
5
- 0ad -
o4 @ Silica Gel MU =3
= 4 Molecular Sieve l’;:ll's
5 021 _
"
0.0 T T i} .
0 1 2 3 4 5

Fig. 10. Enthaipy eflfectiveness as computed by MOSHMN
as a function of T for silica gel and o moleculir sieve

cold strecam. However, il the dew point temperature off
the hot and humid air streum i higher thun the dry
bulb temperature of the cold and dry stremm, water
vapor may condensc on the matrix during one period
and evaporate into the other air stream. Condensation
may be advantageous in energy recovery applications
of rotary sensible heat exchangers. However, the for-
mation of ice on the matrix may result in poor per-
formance if the flow channels of the regencrator
become blocked.

Regenerators with non-hygroscopic nutrices and
water vapor transfer in the condensed phase have been
investigated by Van Leersum [8,10]. He used two
different scts of dillerential equations and developed
a finite difference solution scheme implamented ina
program callzd REGENCOND. This program takes
into account that, during steady state operation of
the regencrator, parts of the matrix are covered with
liquid bulk phase water whereas other parts are still
dry. )

Van Lecrsum compared the performance of
REGENCOXND with experimental  results  and
obtained agreement within the experimental lmi-
wtions [8]. IF one regenerator injet stream is very
wet (46°C, 0.051 kgW/kgDaA), the method dJdid not
converge to u steady state solution und led to the
conclusion  that the regencritor operitles in an
unsteady manner, consistent with his experimental
results. The unsteady operation is due to the fact that,
at one period, more water vapor condenses on the
matrix thitn can be evaporated at the other period,
This behavior violutes the deposit condition postubated
by Hausen [17] which requires that the water vapor
deposited during one period must be evaporated
hefore the en: of the other period,

Holmberg [18] evaluated the condensation and
frosting elieats in non-hygroscopic and hygroscopic
rotary heat cechangers. The limits Tor condensuation
and Trasting cnd the resulting heatand mass exchange
cliectivenes woere determined Tor o specilie ex-
Shanper b sl aperiting conditions seere ab o shown
e pmveheos crte charts, Bxperinental resulis on

oveschangers have been reporied by
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Fig. 11, Inlet conditions with freezing

matrix.

on a hygroscopic

As shown in Fig. 9, the outlet states of an enthalpy
exchanger with a hygroscopic matrix and unity Lewis
number lie on a straight line connecting the inlet
states, duc to the fuct that the temperature and waler
vitpor ellectiveness are equal, Therctore, condensation
and freezing usually do not occur since the water
vaper is transferred in an adsorbed rather than con-
densed phase. Only in cases where the line between
the two inlet states intersects the saturation e must
these phenomena be taken into consideration. An
example for the case where water vapor transfer might
occur in other than the adsorbed phasc is shown in
Fig. 1. The inlet conditions are for an energy recovery
application of an centhalpy exchanger. The warm
stream represents indoor conditions which are within
the thermal comfort range specificd by ASHRAE([11],
whereas the cold stream is typical for outdoor con-
ditions in very cold winter climates, such as Chicago,
linois.

For the inlet conditions shown in Fig. 11, the finite
difference method implemented in the version of
MOSHMX availuble-to the author would not con-
verge since the amount of water vapor in the warm
air strcam and adsorbed by the desiccant cannot be
removed from the enthalpy exchanger by the cold and
dry air stream,
increases steadily untl the maximum valuc is reached
and water vapor is transferred from one period to the
other in the condensed phase. If the matrix tem-
perature is below 0°C, the water {reezes on the matrix
and blocks the flow channels of the regencrator.

MOSHMX was modified using the ideas of
REGENCOND to model water vapor transfer in both
the adsarbed and condensed phase. The conservation
and transler rate cquations in cquations (1)-(4)
remain  unchanged whereas the thermodynamic
relationships depend on whether the hygroscopic
mitrix is saturated or not [15]:

mitrix below saturation (1K, < 1V,

(22a)

H.(ll = n‘,"(’"‘, t.l/lll)

INFRNEN

Therefore, the matrix water content )

N

e L B T T IOV OREPRTY SRR,
tnitial State =
209 ////4‘
e
1) A
Routions_~" -
" NN y/‘/ .
180
0 Raotations Nlas
) g e g g sy e s e e e e e e s
0.0 0.2 [t R3] 6 (LY .
b3

P2 Transient matrix temperture prodile. of .uumlmuw
selimgrer with one cold inler streany at the beeinning of the
first period.

Im = Oyl + Crawlm 1 .m + J ("\ - IA\) 17 (z:‘d)
{
matrix above saturation (117, > 17,
Wiy “.ml(‘/m) (’11’)
/m = Cm[m + Cl.\\-,m ”.’0“ + j‘ | (l\ - I~) d ”": (23}))
[}

LEquation (22a) reflects inforstion contained in
the adsorption isotherm  whercas cquution (22h)
describes the fact thut the solid desiceant is covered
with condensed water (ice or liquid, depending on the
temperature) i the muximum water content of the
adsorbentis reached. The air state in cquilibrium with
the condensed phases can be described using the water
vapor pressure curve as suggested by ASHRATE [11].

The algorithm implemented in MOSTTMX uses suc-
cessive substitution of the matrix states lrom one |
numerical cycle to another until the reversal condition
is satisfied. This method essentially follows the chang-
ing malrix states from the initial vatues 1o the steady
state solution. The modilicd version of MOSIHIMX
was used in order to account for mass transfer in both
thz adsorbed and condensed phase. If the matrix water
content becomes  Jarger than its vidue for the
maximum water uptake, condensed water or ice
cocers purt of the desiccant. The susceptibility to jce
formation is high at the cold side of the regencrator.
Here the dry and cold air cools a matrix which has
dehumidified the warm and humid exhaust air. Simu-
lations arc terminated if ice is on the matrix at the
coid inlet for all angular positions which is cquivalent
to having all flow channcels partially blocked.

Figures 12 and 13 illustrate the transient tem-
perature and water content profiles of a silica gel en-
thalpy exchanger matrix just afler the matrix switches
frem the warm to the cold strenm using o pair of
infet states Tor which o straipht Toie connecting the
twoinlet states in a psychrometric chart interseets the
saturation line. Initially. the matrix is in cquilibrium
with the warm and humid stream (25 C, 0,010
kgWikgDAY The cold air stream cools the matrix
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Fig. 13, Trunsient matrix water content proliles of an
enthalpy oxcitunger with one cold inlet stream at the begin-
ning of the lirst period.

below the freezing point of water. After about 160
rotations, ice starts building up at the inlet of the cold
stream when the matrix is rotating from the warn: to
the coid period. For other angular positions. the
matrix water content is still below its maximum vilue
and ice formation does not occur. Finally, after 180
rotations, the matrix water content reaches the velue
for the maximum water uptake. which depends on the
characteristics of the adsorbent. The entire matrix is
covered with ice at the infet of the cold stream and
the simulation was terminated. The time required for
freezing to occur was found to be dependent upoi the
adsorption isotherm of the desiccant. For example,
the same calculations using molecular sicves resulted
in ice buildup alter six rotations.

If the inlet temperature ol the cold stream is
increased from —20 to —10°C, the finite difference
algorithm converges Lo a steady state solution dus to
the Tact that the line connecting the two inlet states
does not fstersect the saturation line on a psychromiric

chart, s shown in Fig. 11. Thercfore, alter preheating -

the cold outdoor air stream, an enthalpy exchanger
can he eperated without ice formution on the matrix
wherens @ non-hygroscopic matrix would expuricence
walter v upor condensution or freezing under these con-
ditions.

6. CONCLUSIONS

The bizctive of this study was to develop a com-
putitticnaily simple model of @ solid desiceant air-to-
air entindey exchanger. The theory of equilibiium
exchinge svstems is used to show the operating con-
ditions where enthalpy exchange between the two fow
streums cun be accomplished. The hyperbalic disfor-
ential wguations can be transformed o oa sel of

uncou sinematic wave equattions. To achieve opti-
mum coihaipy exchange between the two air stremms,
the receserator must he operated at conditions <:ch
Hhat oot e of the two trnsfer waves eache he

outlet e enthadpy eschanecr Comparisen weth
the nuee erad solwtion of the coupled equation . o

finite 20 or coetlicients shoees that the pro. oot

of e dimensionad parneterss T muee e

My,

greater than L5 in order to operute the enthalpy
exchianger at a point where the enthalpy exchange

cifectiveness is determined only by the number of

transter units. 7,17 is most convenienty increased by in-
creasing the rotation speed.

The case ol infinite rotition speed was used as a
basis for developing a computationaliv simple mcea-
sure of performuance. The vutlet sttes can be com-
puted using the e-NTU correlations tor countertiow
direct transter heatexchangers. Towas found that these
corrchilions are accurate al operating conditions
where enthalpy exchange occurs ;s thatisfor 7,17 > 1.3,
The predicted outlet states lie, in the case ol unity
Lewis number, on o straight line connecting the outlet
stutes.

A wide range of system paramcters wus investigated
[15]. If the line connccting the two inlet states does
not intersect the saturation line in a psvehrometric
chart the matrix purameters are not very important
since reduced adsorptive capabilities of the mutrix
can be climinated by rotuting the enthulpy exchanger
faster, The degree of performance in terms of enthalpy
elfectivencess is determined by the nuinber of trimsler
units for heat transfer and the Lewis number,

The finite difference solution was mudified in order
to investigate the behavior of enthalpy exchangers at
very cold outdoor conditions, Since enthalpy ex-
changers transler water vapor in the adsorbed phase
they are less susceptible to freczing than sensible heat
exchangers in cnergy recovery applications in cold
winter clinuites, Only for extreme conditions does the
line between the indet states interseet the saturation
line and frcezing is cncountered. Under  these
conditions, [reczeup can be avoided by slightly pre-
heating the outdoaor air,
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ANALYSE DES BCHANGEURS DENTHALPE REGENERATEURS

Résumé—On développe un modéle numérique simple d'un cchangeur d'enthadpic solide do

ssiceant i, La

théorie des systémes d'échange en équilibre est utilisée pour ¢tablir les conditions aperitoires sins lesquelles
Péchange dlenthalpie entre les deux écoulements ost réalise. Pour atieindre le s d'eclimpe
Fenthalpie entre les deos courants d'air, le régénéatenr doit opérer dans des comditions telles quiueune
dus deux ondes de transfert n'atteint la sortie de I'échangeur. Une comparinson avee b solution numdérique
des equations couplées pour les cocllicients de transfert montre que Je produit des denx pariimétres adimen-
sionnels 7,1, doit étre supérieur 4 1.5 de fagon que Pechangeur denthulpie fonctionne sur un point ou
Feflicacite de Péchange enthalpique est déterminé seulenent par le nombre dlunites de transfert. Te cas de

la vitesse de

rotution infinie ¢st considéie comme une bise pour permictire une mesue stnple de Tit

parformance. Les états d la sortie sont caleults & partir de relations £ -NTU pour les cehangeurs i transiert

direct & contre-courant. On trouve que ces relations sont précises aux conditions opératoires lorsque se

produit I'échunge d'enthalpic. Les états caleulés i ln sortic se placent, duns le cas du nombre de Lewis ¢gal
i un, sur une ligne droite reliant les états de sortie,

UNTERSUCHUNG VON REGENERATIVEN ENTHALPIE-AUSTAUSCHERN

Zusammenfassung—Es wird cin rechnerisch cinfaches Modell cines muassiven Luft Luft-Enthadpic-Aus-
truschers entwickelt. Die Theorie von Austausch-Systemen im Gleichpewicht wird benutzt, i die
Retriehsbedingunpen, bei denen Enthalpie-Austiusel zwischen den beiden Fhiidet émen bewerhsiellipt
werden kinn, zu begrinden. Um den maxiniden Enthalpic-Austauseh zwischen den beiden Luftstromen
zu erreichen, sollte der Regenerator unter solchen Bedingungen betricben werden, dald keine der beiden
Ubertragungs-Wellen den AuslaB des Enthalpie-Austauschers erreicht, Ein Vergleich mit der numerischen
Lésung der gekoppelten Gleichungen fir endliche Ubertragunes-Kocllizienten zeigl, dald das Produkt von
zwel dimensionslosen GroBen, 7,17, griBer uls 1.5 sein sollte, damit der Enthalpic-Austiuscher in cinem
Punkt betricben wird, an dem der Enthalpie-Austiuscher-Wirkungsgrad Iediglich von der Anzahl der
Ubertragungseinheiten (N7U) becinflubt wird. Der Fall einer unendlich groflen Drehzuhl wird als Bezug
fiir einen cinfuch zu berechnenden Wirkungserad verwendet. Die AusliB-Zustiinde werden mit Hille der
e=NTU-Kaorrelationen fiir Gegenstrom-Wirmenustauscher mit dirckter [Thertragung berechnet. Fs zeigte
sich, dafd diese Korrelationen bei denjenigen Betrichsbedinguugen genau sind, bei denen der Fathalpic-
Austiusch aultritt, Die vorausgesagten AuslaB-Zustinde liegen [l die Lewis-Zubl Eins aal ciner geraden
Linie. welche die AuslaBl-Zustinde verbindet,

AHAJTH3 PEFEHEPATHBHBLIX TEILIOOGMEHHIIKOR

Amnoranus --Pivpadorant npocrans  pacuering

MOJACIL

THEPAOTCALHOIO  OCYHIETOUICT O HOJJYNO- -

sosaynuore Tenxoobamenuikr. C uentbio onpedencis paGouero pexkua, npu KOTOPOM MOKCT OCy-
LICCTBARTLCS OBMEl IHTRALINER MEKILY UBYMR HOTOKAMI, HCNOALIYETCH TCOPHA CHCTEM PUBHOBECHOrO
obnena. 118 HOCTIGKEHIA MAKCHMAILIOTO 0BMeH MTaNBbHEH MOKAY JIBYMH BOUIVIHHIIMI (1O TORIMH
perencpiarop foKen palioTa r IpH FUKHX YCAORIAX, KOIEL 13 QMG 3 IHYX 102 HEPCHOCE e A0CTH-
TACT BLIX0A #3 Teroobmennka. CPanieiie € MHCICHIBIM PCIICITHEM CHRHHLX ypansennit ans
OF PAHHMCHHLIX KOMHPHIICHTOB NEPSHOCH NOKABLIBALT, MTO 1718 TOrO, 4TO0M shiperTinnocty ofiMena
INTAALIHET ONPEUCIANACL TONLKO KOIHMCCTHOM HEPEHOCHMBIX CXNIHIX. NPOHIBCICHHE anyx Geapansep-
HLIX mapamernos §, I jlomkuo apentnnaty, LS. B kavecrne ocnonw s parpalo ki HPOCTOrO piacHer-

HOTO  KpHTEPHA  Palousx  xpiak 1epHcT K

pacenitrpnasics

caywt  neorpintenioil - cropocts

spautend. COCrosuis M BLIXOJIC PACCHITARBL € HUTONLIOBAIHEM COO | HotLetii e-N 117 (Rouec 180
NCPEHOCHMBIX CAMIHHIL) JUIR UPOTHBOTOUHLIX TCHIOOBMCINNIKOB C NPAMLIM nepenocos. Haiizieno, wro
AUHHBIC COOTHOLICHHA ABMROTCA TOHULIMH ITPH PabOUHX YCIOBHAX € 00MCHOM YTasL . B clytae,
KOPL 4HCi1o JILIONCE PABIO CAHNBNUE, PACCHH TNILIC MEMCHIR COCTOMIINT Nt RMXOAC SO HTon i
COLIBHIONLTT X upsusoi. .



