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4 HEAT AND MASS TRANSFER IN ROTARY REGENERATORS

In this chapter several existing models that describe the mechanism of combined heat and
mass transfer in rotary regenerators will be introduced, and the utility of these models Tor
simulating the regenerator operation and estimating the amount of energy that can be
recovered will be discussed. None of the existing models is suitable for computing the
repencrator petlormances at all operating conditions encountered in space-conditioning
systems, and therefore a new computationally simple model is developed for the appropriate
range of parmmnelers,

The purpose of this new model, which is described in Section 4.4, is to predict the
outlet states of the two air streams that are passed through the matrix (Figure 1.1) with good
accuracy for a specified range of operating conditons. The model must also have a relatively
simple form i order 1o allow simulations over a longer period of fime without excessive
computational effort.

All the models, the existing ones as well as the new one; allow calculation of the
properties of the two outler air states as a function of the inlet states, the matrix design and

properties and the ratio of marmix ratation speed to air flowrate.

4.1 Mathematical Formulation of Combined Heat and Mass Transfer

Existing marhemadcal models used to describe the heat and mass mansfer machanisms inside
the enthalpy exchanger mauix are based on the following assumptions:
L. The state properdes of both inlet air srreams are spatially uniform and constant

in time at the inlet face of the regenerarar.
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2. The thermodynamic properties of the air and the marrix are not affected by the

pressure drop in axial direction of the matrix which 15 small compared ta the

total pressure.

3. There is no mixing or carry-over between the two air streams
4. The (Tuid and matrix stales are considered ta be unifarm in radial direction
5. Angular and axial heat conduction and vapor diffusion due to temperature and

concentration gradicnts, respectively, are neglected.

6. The matrix is considered to be a homogeneous selid with constant malrix
characteristics (Figure 1.1)

7. The convective heat and mass transfer coefficients between the air streams
and the matrix are constant throughout the system,

8. The rotary regenerator operates adiabatically,

The heat and mass transfer model is based on mass and energy conservation, and with
the assumptions listed above the poverning equations can be written in terms of
dimensionless coordinates as stated by Van den Bulck [36]:

1. Mass conservation:
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3. Mass transfer vare:
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4. Thermal energy transfer rate:
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The coordinate system that leads to Equations (4.1) to (4.4) is in accordance with
Figure 1.1, where the angular coordinate system is rotating with the matrix. ‘Therefore the
angular courdinate @ is actually a wime coordinate. The dimensionless parameters used in the

equations above ure defined as:
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T; is the rotation fime for one period. which is one half of the time needed for one
complete malrix rotation i the two air fow rates are eyual, a5 it is the case in this study,
I’} is the capacitance rate ratio of one period and is delined as the ratio of the "matrix

flowrate" to the air flow rate of the peried -
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Iowever, an analytical soluton for this set of coupled partial differential equations i3
not possible, Mumerical solutions to this problem are available but they require sigmficant
computational effort. For this reason the model is restricted to estimations of instantaneous
cierpy recoverics and nol suited For the wansient simulations that have (o be executed in this

study.

4.2 Equilibrium Theory

A solution to the combined heat and mass transfer problem has heen developed by Van den
Bulck et al. [36] basced on the equilibrium theory for regenerative heat and mass exchangers,
The equilibrium theory assumes infinmite overall transfer coefficients for heat and mass
exchange, resulting in a complete thermodynamic eguilibrivm between the mutrix and the air
at all timey and positions. This assumption leads to a reduced set of only two differential

equarions.

1,  Mass conservaron:
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2. Energy conservation:
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where [; is the time fraction of period j: Bi= ?
; , ; : y &
and @iy the dimensionless time coordinate; = =
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The two conservation equations (4.5) and (4.6) are still coupled duc 1w the

thermodynamic state property relations:

ir=ir(Ty. wy) (4.7}
*'I.r:. = f.*r.- { T‘f' ' iP'J;;-r_-.. | f'*i-g:l
Wa=Wo (Ti. wi) (4.9)

bul they can be expressed gs 4 pair of uncoupled kinematic wave cguations:
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F; and Fy are called combined potentials of heat and mass transfer and they are
similar 1o lines of constant enthalpy and constant relative humidity in a psychromerric chart,

respectively. The F-potentials are defined by the differential equatian;

dF, = ayudT, + (a,—ash, Ja, dw; (4.12)

Ay and Az are the dimensionless wave speeds at that the potentials move in flow direction
through the mamx. They can be computed as the roots of the following guadratic cquation,

referrad to as the cquaton of the direction of the characteristics:

a4 +(aas - aay —a:)d +a, =0 (4.13)

The coefficients ¢; are partial derivatives of the state properties and are defined in the

following way (Van den Bulck [36]):
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The two wave speeds are always positive and, for the investigated air-water system,
the wave speed A of the constunt enthalpy potential F; is always greater than the speed of

the Fs -potential. Generally. A, exceeds A3 by the factar 100 to 10041,

However. it can be shown (see Klein [21]) that Equation 4.12 i3 not a total
ditferential, which means that the result of this eyuation depends on the path of integration.
The expression can be transformed intn a total differential 1f an integration facior
(i = U[Tr.jwf:l is found. Due to the difficuldes in evaluadng the integration factor &, this
set of dillerental equation is also not used to calculate the enthalpy exchanger outlet states in
thiz atndy, but the definitions of the F-potentials and their wave speeds A; will be used in the

following models,
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4.3 Simplified Solution for the Case of Maximum Enthalpy Exchange

Klein et al. [21] studied the performance of enthalpy exchangers and stated rhat, in order to
achieve maximum enthalpy exchange, the regenerator has to be operated at conditions such
that neither of the two transfer waves reaches the outlet of the matrix. Aller comparing the
theory of equilibrium exchange systems with the numerical solutions of the coupled
equations for finite transfer coelficients, he claimed that the ratio of the dimensionless
capacitance rate ratio to the fastest dimensionless wave speed 74 has to be greater than 1.5
in order to operate the enthalpy exchanger at a point where the enthalpy exchange
cMlectiveness is determined only by the number of transfer units.

If the matrix rotation speed is high cnough, the mass and heat transter effectivenesses

that are defined in terms of humidity and temperature differences:
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can be calculated in terms of the number of mansfer units only, For a counterflow exchanger

and cyual capacitance rates the effecovenssses become (see Incrapera and DeWin [20]):

NTU
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where NTU, , =~ I_} e (4.23)
and NTU, , = Le-NTU, , (4.24)

Onee the number of transler units lor the heat and mass exchange are known for @
specified enthalpy exchanger marrix that is rotated ar a high enough speed, it is a simple
matter to calculate the humidities and temperatures of the two outlet states for fixed inlet

comditions using Equarions 4.1%9 and 4.20.

Generally it 1s desirable to aperate an enthalpy exchanger at a rotation speed that
results in the maximumn possible enthulpy transfer between the two air streams, since suchian
operation allows the maximum possible energy recovery from the exhaust air stream, thus the
areatest energy suvings, For this reason Klein's model for the case of maximum cnthalpy
exchange is appropriate for simulating the performance of regenerators, and it is used in this
study o deseribe the enthalpy exchanger operation in the cooling mode, where temperatures
are well above freezing and intermediate to low relative hunndities are typically ohserved.

Hawever, if the enthalpy exchanger is operating in the heating mode, two situations
can occur that result in a necessity to lower the matrix rotation speed. The first simation 15
that relatively mild outdoor lemperatures, just slightly below the point where no heating is
needed at all, can resulc in a supply arr outlat remperature that is too warm and has to be
cnaled before it can be ventilated inlo the heating zone, In this case the enthalpy exchanger
and the additional covoling system would be working against each ather.

The regenerator outler temperatuce can be controlled by lewering the rotation speed
which deecreases the regenerator effectiveness, therehy avoiding the need for additional

cooling.
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The second situarion occurs when the outdoor temperature 13 very cold and the indoor
humidity high. In this case. the exhaust air stream might be vooled below the saturation
temperature and condensale can form on the matrix. For temperatures below Ireezing, the
condensate will freeze and eventually black the matrix. Even withour freezing, the
condensation should be avoided because the liquid phase could de harm o the water based
polymer coanng and because it is undesirable that excess water leaks out of the ventilation
systern at an unpredictable location, The problem of condensation is even more serious for
sensible heat exchangers. and in both cases the problem can be solved it the temperature
effectiveness is decreased by lowering the matrix rotation speed.

However, for a decreased elfcctivencss Klein's model for the case of maximum
enthalpy exchunge is obviously not valid anymore and a new maodel that provides estimates
of the enthalpy exchanger outletr states as a function of the rotation speed has o be

developed,

4.4 Simplified Model for Intermediate and High Rotation Speeds

The original sel of partial differental eguations {(Cquations 4.1 to 4.4) was solved
numerically for many different operating conditions with the computer propram MOSHMX
[253]). and a function of three independent variables was fit 1o the results for the regenerator
clfectivenesses, Only two of the three regenerator effectivenesses [or temperature, humidity
and enthalpy are independent, and it was chosen 1o model the effectivenssses for temperaturs
and enthalpy since they can he described by simpler equations than the humidity

effectiveness which is negative for a dehumidifying operarion at very slow rotation speeds.
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The independent variables in the functions for the effectivenesses are the supply inler
lemperatuce (ouldoor temperature) T4, the number of wansfer units belween air and niateix
NTT7 and the ratio of “mairix flow rate” to air flow rate 7 which is propaortional to the ratation
specd for o constant air mass flow rate. The effect of the temperature was investigated fur a
range from -15°CT to +15°C, the N1'Us were varied between 1 and 20 and the dimensionless
rotation speed ranged from =0 o I'= 110

The exhaust inlet temperature (indeor temperature) was kept constant at 23°C, Thig
ussumption is reasonable since the objective of an air-conditioning or heating system 15 to
maintain a room of building at constant comfortable conditions, and therefure the indoo
ternperature will always be close to the chosen value.

The Lewis number of the mauix material is assumed o be equal to one throughout
this study. This assumption represents the ideal case and this fact has to be taken into
account when the resulis of the simulation are discussed. If the Lewis-number is actually
greater than one, the amount of energy that can be recavered by an enthalpy exchanger will
be over predictad,

For high rotation speeds this model has to predict the same values that are obtained by
the model for the case of maximum enthalpy exchange, and therefore an equation of the
following form was chosen for both temperarure and enthalpy effectiveness:

NTU e -
=MoL el (4.25)

The parameter NT77 used in this cquation represents the number of ansfer units
between alr and matrix, whereas the parameter NTU/; in Klgin's model (Equations 4.21 to
4.24) is the overall number of transfer units between the two air streams.  Since NTL is equal

tor two times NTU,,

NTUL NTL
= g 4.2
NIUT + 2 NTTT. +1 (ha0)

>

and therefore this model produces the same output for high rotarion speeds as Klein's madel.
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The exact functions that were found for temperature and enthalpy effectivenesses are

listed below.

Temperatwre Effectiveness:

NI
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a, =0.002259 13761077, -G.91x107° .7,
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Enthalpy Effectivensss:
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b, =4.908x107 +6.46x10™-T_,
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In order 1o be able to assess the accuracy of the developed model, the results of the
curve fit were compared with the numerical results obtained with MOSHMX [25] for
operating conditions different than the ones used for the curve fitting. Figure 4.1 shows the
temperature effectiveness as a function of various NTUy and capacitance rate ratios 1 for an

mtermediate supply air inlet temperature of 0°C.
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Figure 4.1: Temperawre Effectiveness - MOSHMX Qutput and Clurve Fit

Figure 4.2 shows the actual outlet states of the two air streams that are passed through
an enthalpy exchanger with NTI/ = 3 for an outdoor temperature of 0°C, an indoor
temperature of 23°C and typical humidides. The cutlet state of the exhaust air stream that is

calculated with the new model as a function of the matrix rotation speed is also shown in the

graph,
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Figure 4.2: EX Outlet States for Various Rotation Speeds -
MOSHMX Output and Curve Fit

The two figures show that the new mnodel represents the actual performance of un
cnthalpy exchanger reasonably well in the range of parameters appropriate for the eathalpy
exchanger operation in a space-conditioning system. For fast rotaton speeds, the model
predicts exacily the same values that are obtained by both the numerical solution of the
original differendal equations and Klein's model for the case of maximum enthalpy
exchange. If the regenerator is operated al intenmediate rotation speeds, e 1= 0.4, the
outler states calculated by the new model will alse be close to the numerical solution. Tt can
be seen that the temperamre transfer exceeds the humidity wansfer for these operating
conditens. Ilowever, at very low matnx rotaton speeds (17 < (1.4) the model ditfers from
the actual behavior of the regenerator (determined by MOSHMX |23]) and the
dehumidifyving section is not well reproduced. Therefores this model should not be used ©
simulate the performance of rotary debumidifiers. It should also be mentioned, that this
madel 15 only valid for the range of parameters specified previously in this section and the
maiTix material investigated n this study. For a different material the lorm of Equations 4.27

and 4.28 15 most likely the same, but the parameters a. b and ¢ will be different.



