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Abstract—The modelling of heat and mass regenerators often assumes the heat and mass transfer
coefficients to be uniform and constant with time and position within the flow passages of the regenerator.
This paper presents a study to examine the validity of this assumption. Experimental breakthrough curves
of a single-blow test facility with a desiccant regenerator matrix are examined using a separation technique.
The response curves are input to a model which computes the temporal and spatial distributions of the
air-side heat and mass transfer coefficients. It is found that the variation of the Nusselt and Sherwood
numbers is small for the slower mass transfer waves which determines the performance of regenerative
dehumidifiers. The separation technique proves to be a powerful procedure for analysing experimental
breakthrough curves.

1. INTRODUCTION

MOoDELS for regenerative heat exchangers are generally
based upon the equations and assumptions as estab-
lished by the Hausen model [1]. The Hausen equations
express the overall energy equation for the adiabatic
system {air-stream + heat-exchanger matrix} in com-
bination with a heat transfer equation based upon
an overall transfer coefficient, i.e. the transfer rate
is proportional to the difference in fluid-mean and
matrix-mean temperature. A common assumption in
regenerator models is that this overall heat transfer
coeflicient is constant throughout the exchanger at all
times. However, it is known from, e.g. single-blow
experiments that there exist non-uniform temperature
distributions within the matrix which, due to the per-
iodic nature of regenerator operation, are transient as
well [2]. This axial variation of temperature may cause
the heat transfer coefficient to change with position
and time. Rapley and Webb [3] stated that there is still
some uncertainty at present regarding the appropriate
boundary conditions for computing the convective
Nusselt number in regenerator passages.

Similar conditions arise with modelling regen-
erative dehumidifiers. These devices use a desiccant
material as an intermediate storage medium to ex-
change water vapour between two air streams. Solid
desiccant dehumidifiers are often configured as rotary
heat exchangers with desiccant material lining up the
walls of the flow passages. Various models have been
proposed for these devices, ranging from detailed
finite difference models [4] to effectiveness models [5].
These models are all based upon the assumption that
the heat and mass transfer coefficients between the
air stream and the desiccant material are uniform
throughout the regenerator and are constant with
time. However, due to the non-uniform distributions

of temperature and humidity ratio in the flow passages
of the desiccant regenerator, the validity of this
assumption may be questionable. No study has yet
been presented which examines the validity of
assuming constant transfer coefficients in modelling
desiccant dehumidifiers.

This article presents a theoretical and experimental
study of the variation of the transfer coefficients with
time and position in the flow passages of regenerative
dehumidifiers. Rather than investigating the axial dis-
tributions which exist in regenerators during normal
operation, the distributions which originate from
single-blow experiments on regenerator matrices are
studied. These latter distributions are representative
for the actual distributions in well-operated rotating
devices because the initial and boundary conditions
are almost the same. However, they can be obtained
with greater ease and accuracy.

To study the effect of axial variations of heat flux
and wall temperature, a Rosen [6] type analysis of
regenerators is employed. In this analysis, separate
conservation and diffusion rate equations for the fluid
stream and the regenerator matrix are used, rather
than linear transfer equations using overall transfer
coefficients. These two sets of modelling equations are
coupled at the walls of the flow passage through the
boundary conditions of continuity of temperature and
water vapour mass fraction, and heat and mass fluxes.
To reduce the computational effort caused by the
coupling of this set of equations, a separation tech-
nique proposed by Ghezelayagh and Gidaspow [7] is
followed. In this technique the solutions of the two
sets of modelling equations are secparated and the
boundary conditions at the interface between the air
stream and the walls of the flow passage are obtained
from an analysis of a specifically designed set of exper-
iments. The conservation and diffusion equations for
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NOMENCLATURE
¢, humid air thermal capacitance N axial low coordinate
¢,.  dry air thermal capacitance ¥ transverse flow coordinate.

¢,  waler vapour thermal capacitance

D,..  mass diffusivity of water vapour in air

Dy, hydraulic diameter of a flow passage

e total cnergy flux

F dimensionless distribution function

h air-stream heat transfer coefficient

h, air-stream mass transfer cocflicient

I specific enthalpy of humid air stream

Iy specific enthalpy ol water vapour
evaluated at the wall

j diffusion mass flux of water vapour

k thermal conductivity of humid air stream

L length of a flow passage

m total mass flux of water vapour

P total pressurc within the air stream

q encrgy flux by conduction

{ temperature

u local air stream axial velocity

U average air-stream velocity in a flow
passage

v local air-stream transversal velocity

w absolute humidity ratio of air, w/(1 —w)

Dimensionless groups
Nu  Nusselt number
Re Reynolds number
Sh Sherwood number.

Greek symbols

0 real measuring time
I dynamic viscosity of humid air
o humid air-stream density
@ water vapour mass fraction in air stream,
wi(14w).
Superscript
+ reduced dimensionless variables.
Subscripts
avg  average values
cxp  experimental average values
wall  evaluated at the wall
0 evaluated at selected reference

conditions.

the fluid stream and the regenerator matrix may thus
be solved sequentially rather than simultaneously.

Section 2 describes the model which is used to com-
pute the distributions of the wall conditions and the
wall transfer fluxes. The technique of Ghezelayagh
and Gidaspow is employed to obtain the axial dis-
tributions of the air-side transfer coeflicients in terms
of selected experimental data. The experimental ap-
paratus and the results from a set of dynamic sorp-
tion experiments designed to separate the modelling
cquations for the air stream and the wall material are
discussed in Sections 3 and 4. The analysis of the
experimental data is presented in the [following
section.

2. MODEL FOR TRANSFER COEFFICIENTS

The transfer coeflicients for flow of humid air
through the passages of rotary dehumidifiers are
obtained from a theoretical model in combination
with selected experimental data. The model describes
the conservation of momentum, encrgy and mass for
the flow of humid air through a parallel plate con-
figuration. The conservation equations arc derived
from the general equations of change for a multi-
component mixture in terms of the transport fluxes
{8]. These general equations are simplified by a limited
set of assumptions and order of magnitude estimates
of the various terms appearing in the equations. x
measures the position in the flow direction and y the

transverse position away from the wall. The velocity
components in the x- and y-directions are u and ¢,
respectively.

2.1. Assumptions

(1) The humid air flows through parallel passages
with complete symmetry around the middle axis. Cor-
ner effects duc to the rectangular geometry are
neglected because of the small aspect ratio of the duct.

(2) The flow is two-dimensional. The major velocity
component is in the x-direction.

(3) Humid air is a dilute, binary, ideal gascous
solution of water vapour in air. Transport fluxes arc
described by their conventional expressions.

(4) Local changes of air density, momentum and
temperature with respect to time can be neglected with
respect to convective changes. Thus, transient terms
in the modelling equations for the air stream may be
omitted.

(5) Axial diffusion of momentum, heat and mass is
neglected.

(6) Changes in potential energy of the gas arc
neglected.

(7) Radiative heat fluxes are neglected.

An order of magnitude analysis shows that, for the
conditions of the experiments reported in this study,
the cquations of change can be further simplified by
neglecting the following terms : buoyancy forces, vis-
cous heating, heating by compression. thermo-
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diffusion, pressure diffusion and forced diffusion of
water vapour.

The flow is laminar for the range of Reynolds num-
bers of the experiments. Because axial diffusion in the
fluid stream can be neglected in this analysis, there
exists an appropriate scaling technique. The con-
servation equations and the boundary conditions can
be expressed in terms of the reduced variables x*, y*,
u* and v*. These variables are defined as

e ..x_,__ it = L e i‘—
x D, Rey’ D’ U 7
vD,
and ot = nPo 1
Ho

where the reference variables are defined as

UD, Po

[
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2.2. Equations of change in differential form

With the assumptions and approximations listed
above, the conservation equations which model the
flow of air through the test matrix with heat and mass
exchange at the wall can be expressed in terms of the
transport properties as follows:
continuity equation
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This set of conservation and transport equations
forms a set of parabolic partial differential equations
which describe the variation of ¢ and w with y* and
axial position x*. These equations need to be sup-
plemented with the appropriate boundary conditions.

2.3, Boundary conditions

The boundary conditions for the variables u, v, @
and ¢ for integration in the y-direction need to be
specified at the wall, y = 0, and at the centre of the
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channel, y = D, /4. The hydraulic diameter is twice the
height of the channel.

For all x*
at y" =0: 3
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The conventional boundary conditions that specify
the property or flux of temperature and humidity at
the wall are absent because they are not known in this
analysis technique. These boundary conditions are
replaced by local integral conditions and matched
with experimental data.

2.4, Eguations of change in integral form

With these boundary conditions, the equations of
change can be integrated in the y*-direction. Upon
inserting the integrated continuity equation, the result-
ing integral conservation equations read as follows:

continuity equation

eyt 1“‘1["

L. o

equation of motion
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4 p,U* dx™ Mo O¥ Y |wan
diffusion equation L
d 14 p
Ko o+
e [Jﬂ (pgu w dy
_ pD,, | fo
- o 1—w 8}"+ wall

equation of energy
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(5)

wall

The equations of change in this form can be integrated
with x* if the boundary conditions for ét/dy* and
dw[dy* at the wall are known. Rather than using the
fluxes at the wall, experimental data in an appropriate
form are used to facilitate the integration.
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2.5. Integral matching conditions with cxperimental
datu

The integral conditions which complete the set of
boundary conditions can be formulated in terms of
cxperimental data.

For all x'

14 [t
[ (puyo dy* = (UN‘J put dy’
{0 0
14
f (pu™Yidy™
0

where a,,, and i, are thc experimental average values
of the water-vapour mass fraction and enthalpy of the
humid air stream at position x* in the flow direction.

To obtain these experimental values as functions of
x™, cither simultaneous measurements would have to
be taken at multiple positions inside the flow channel,
or flow propertics need to be measured at fixed x for
repeated experiments with varying mass flow rate as
follows from the definition of x*. This latter approach
is significantly easier to perform and forms the idea
of the diagnostic technique outlined in this study.

The integral expressions (5) of the conservation and
diffusion equations can be expressed in terms of the
reduced variable x* if and only if the distributions of
the mass and energy fluxes at the wall do not include
a characteristic length in the flow direction, enforced
independently by the response of the duct material.
These fluxes are obtained from the match of the con-
servation and diffusion equations for respectively the
air stream and the wall material at the boundary and
therefore may include an axial length scale different
from the one suggested in equations (1) and (2). The
scale of the spatial distributions of temperature and
humidity in the air stream is determined by the largest
of the characteristic axial length scales involved. In
the experiments for this study the wall is composed of
individual particles with dimensions ranging from 160
to 300 gm. These particles are isolated from each other
and there is negligible axial diffusion of heat or mass
through the particles. The axial length scale within the
desiccant layer is therefore the particle diameter. The
characteristic axial length in the air stream is D, Re,
and ranges from 0.2 to 1 m for the experiments
reported in this study. Because this length is much
larger than the particle size, this length determines
the global spatial distributions of temperature and
humidity.

and

Il

1.4
feap J pu” dy! (6)
0

2.6. Air side heat and mass transfer coefficients

The problem of determining the air-side heat and
mass transfer coefficients is completely posed at this
stage of the analysis. The equations of change in
differential (3) and integral form (5), in combination
with the boundary conditions (4) and the integral
matching conditions (6) can be integrated in order to
compute the variation of the wall fluxes dr/éy* and
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with x ", with the experimental distributions
Wep(x") and i, (x") as input. The transfer co-
efficients are based upon the following conventional
definitions :

< A
Coicy

for the mass transfer cocfficient 4,,

Ow

aw A

—pD
P oy

- hm(U)wulI - (qug)

Jwan =

wall

and similarly for the heat transfer coethicient A
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in which k& and D, are the thermal conductivity and
mass diffusivity of the humid air at the wall. j is the
water vapour diffusion flux at the wall rather than the
total mass flux m, and q is the energy flux by con-
duction rather than the total energy flux e. These
fluxes are related by

Juan
l—w (8)
€y = Quan +iwlyy.

m,,, =

The Nusselt and Sherwood numbers are defined con-
ventionally as
Dh hmDh

h
Nu = 'k" and Sh = 7{)1’)“ . (9)

3. EXPERIMENTAL APPARATUS

The experimental results which are required in this
study relate to the transient exchange of momentum,
heat and mass in laminar flow of humid air through
parallel plates with desiccant-coated surfaces in single-
blow experiments. Ghezelayagh and Gidaspow [7],
Biswas et al. [9], Clark er al. [10], Allander [11] and
Pesaran and Zangrando [12] described single-blow
apparatuses and desiccant matrices which facilitate
this type of experiment. The experimental procedure
involves a common sequence of operations. A humid
air strcam with controlled properties and mass flow
rate is passed through the flow passages of a desiccant
matrix at fixed inlet conditions. Initial conditions for
the matrix are established when the desiccant matrix
is in equilibrium with the air stream. A sudden change
in the air inlet ~onditions is then introduced and the
air outlet state is recorded with time. This response of
the air-stream outlet state forms the experimental data
that characterize the exchange performance of the test
matrix and which are the subject of the discussion
presented in this paper.

The test matrix is arranged as a vertical stack of 74
parallel rectangular passages with hydraulic diameter
D, =20+6% mm. Each passage has a width of
126 +0.9% mm, and a flow length L = 0.203+0.2%
m. The walls of the flow passages are coated with
crushed, regular-density silica gel particles with a
diameter of 0.177-0.297 mm, yielding a total mass
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of dry desiccant of 0.49+3% kg. The total internal
transfer area is 3.65+4.5% m? and the free flow arca
is 0.00927 +3% m?2. The + values in these and the
following statements denote uncertainties.

Temperature, humidity and pressure sensors are
provided at the entrance and exit faces of the test
matrix. The temperature of the air stream is measured
using copper—constantan thermocouples, with a total
error of less than +0.2"C for the configuration and
conditions reported in this study. The humidity of the
process air stream is measured through sampling with
chilled-mirror, dewpoint hygrometers. The error in
absolute humidity due to errors in the measurement
of the dewpoint temperature and ambient pressure is
about 1.5% for humidity differences and 2.8% for
absolute humidity measurements. Pressure drops
across the test matrix are measured with electronic
capacitive transducers, with an accuracy of +0.5%.
The measurement of the air flow rate is done by means
of an orifice plate inserted in a circular cross-section
conduit ahead of the test section, giving an accuracy
of +2.5%. Pressure drop and flow rate measurements
were checked for consistency and the friction factor
vs Reynolds number follows the theoretical cor-
relation for laminar flow through parallel plates.

A full description of the single-blow experimental
apparatus is given in ref. {13] and the test procedures
are described 1n ref. [14].

4. EXPERIMENTAL RESULTS

The integral matching conditions {6) in the model
for computing the heat and mass transfer coefficients
require experimental distributions of air-stream tem-
perature and humidity with position in the flow direc-
tion x*. These distributions are retrieved from single-
blow experiments with simultaneous heat and mass
transfer. The breakthrough curves obtained from
single-blow experiments on heat exchangers are differ-
ent if mass exchange is occurring simuitaneously. For
heat exchangers, the thermal wave is an expansion
wave, continuously spreading as it progresses through
the exchanger passages. The shape of this wave never
becomes fully developed and therefore depends at all
times on its initial shape; that is, the change of the
inlet conditions with time. Distributions of this type
for linear systems are modelled by the Anzelius [15]
or Schumann [16] equations.

The breakthrough curves encountered in single-
blow experiments involving adiabatic mass transfer
are associated with the propagation of two confined,
spatial property distributions : air-stream temperature
and humidity. Ruthven discussed in detail the propa-
gation and dispersion of these distributions, also
called waves [17]. There exists a thermal wave, during
which most of the sensible energy is exchanged
between the air stream and the matrix, and a mass
transfer wave which incorporates the majority of the
mass exchange. The thermal wave is narrow and
propagates at high speed through the matrix, whereas
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the mass transfer wave is wider and slower. The
respective wave speeds are proportional to the ratio
of thermal and mass capacitances of the fluid stream
and matrix. The two distributions are usually com-
pletely separated, with a well-defined intermediate
state in between the two transfer zones.

4.1. Constant pattern breakthrough curves

With mass transfer, the nonlinearity of the equi-
librium sorption isotherm may introduce favourable
wave patterns which are not encountered in heat
transfer. For selected matrix-initial and fluid-inlet
states, the property distributions can be constant-
pattern waves, i.e. the shape of the distributions is
preserved as the waves progress through the matrix.
For the system regular-density silica gel and humid
air, theoretical analyses in ref. [5] and experimentally
verified in ref. [18] show that constant pattern waves
occur during regeneration of the wet desiccant with a
hot air stream. This process is a desorption process
as opposed to an adsorption process where a humid
air stream is dried by the regenerated desiccant.

Constant pattern waves become rapidly fully estab-
lished after they originate at the inlet face of the
matrix. The shape and width of the mass transfer
wave in desorption processes are constant, and, for
reasonable-quality inlet steps and sufficiently long bed
lengths, are independent of the sharpness of the step
change in inlet conditions. Furthermore, the wave
dispersion is well defined and independent of the air-
stream mass flow rate.

4.2. Experimental results

A series of 14 constant-pattern desorption exper-
iments have been performed. The temperature and
water content of the desiccant matrix are initialized
at selected conditions, and a step change in the
inlet temperature of the air stream is introduced. As
stated previously, the step change does not need to be
square for generating repeatable breakthrough
curves because of the constant-pattern condition.
The air-stream mass flow rate is varied in a sys-
tematic sequence starting from 0.013 to 0.028+2.5%
kg s~ '. Each experiment has the same pair of matrix-
initial and air-inlet conditions, respectively (1, = 29.6 +
0.8°C, wo = 0.0141+0.0006 kg kg ') and (1, = 67.1+
0.2°C, w, =0.015740.0004 kg kg~ '). For these
conditions, the thermal and mass transfer waves are
fully separated, and the experimental intermediate
state properties are (1, = 37.1+0.3°C, 0, = 0.0227+
0.0004 kg kg™'). The Reynolds number Re based
upon the fluid inlet state properties ranges from 140 to
425 for these experiments, providing a passage flow
well in the laminar regime.

The experimental results are presented as graphs
showing the air-stream outlet conditions, i.e. tem-
perature and humidity ratio, vs the dimensionless flow
length x* defined for each of the experiments as
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L
"D, Re’

This dimensionless flow length or Graetz variable x*
ranges from 0.23 to 0.70 with steps of 0.05 for the
alternate experiments. The constant pattern condition
allows the measured fluid outlet property responses
with time to be interpreted as the temporal dis-
tributions with position in the flow direction x*. The
analysis presented here focuses on the mass transfer
wave of the desorption experiments because the prop-
crty distributions associated with this wave are con-
stant pattern waves and experimentally well defined.

4.3. Curve-fit

Figures 1(a) and (b) show the experimental air-
stream outlet conditions for each of the 14 values of

*+ with the real measuring time 0 as a parameter. The
conditions on the left of Figs. 1(a) and (b) arc thosc
of the inlet state (¢,. w,), and the conditions on the
right are the intermediate state properties (7,, w,).
Fourteen discrete experimental data points are avail-
able to represent the distributions. The experimental
distributions ,,,(x") and #.,(x") in equations (6)
need to be represented by continuous smooth func-
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FiG. 1. (a) Experimental distributions of average air-stream

temperature f,,, with the dimensionless flow length x* in

comparison with the F curve-fit and with measuring time 0

as parameter. (b) Experimental distributions of average air-

stream humidity ratio w,,, with the dimensionless flow length

x* in comparison with the F curve-fit and with measuring
time 0 as parameter.
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tions of x”. Thus an interpolating curve-fit of the
experimental data points has to be established.

Using least-square curve-fitting techniques with
cubic splines and optimized knot location, the exper-
imental distributions for the six values of the sampling
time 0 in Figs. 1(a) and (b) can be shifted to the left
over a distance x,, proportional with ¢ to overlap with
a single distribution curve. This shift is linear with the
constant wave speed and can be determined from the
experimental distributions in Figs. 1(a) and (b) with
high accuracy. The shifted experimental distributions
arec shown in Figs. 2(a) and (b) and are centred about
the point of maximum slope of the curves. The r.m.s.
scatter of the experimental data about this *best’ fit
is 0.34°C for temperature and 0.00012 kg kg ' for
humidity. These values are of the order of the accuracy
of the measurements. and thereforc show that the
distributions satisfy the constant-pattern condition.
Although this condition is not necessary for the analy-
sis. it provides redundancy in the measurement of the
experimental breakthrough curves and thus increases
the accuracy of the curve-fit.

For input to the model equations, the experimental
distributions need to be represented by a continuous
curve-fit with smooth derivatives up to high order, as
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Fi1G. 2. (a) Shifted experimental distributions of air-stream
temperature f,,, with the dimensionless flow length x* in
comparison with the F curve-fit and with measuring time ¢
as parameter. (b) Shifted experimental distributions of air-
stream humidity ratio w,,, with the dimensionless flow length
x* in comparison with the F curve-fit and with measuring
time # as parameter.
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is explained in the next section. Such a curve-fit can be
obtained with the following normalized distribution.
Define F(x; p, q) as the solution of the initial value
problem

d ™ dFjdx|._o (0

with ¢ small, say 0.01, and with an initial condition at
x=10
oo =L"1

FO:p,q) prq
This function F is continuous and has an infinite
number of smooth continuous derivatives for all x.
The parameters p and g are shape parameters which
determine the skewness of F and the tendency of the
distribution to tail off at F= +1. Forp=¢g=1, F’
approximates a symmetrical Gaussian distribution
and F has the shape of the error function.

The experimental distributions w,,,(x*) and
tap(x*) can each be least-square curve-fitted with the
cubic splines and also with the F function and appro-
priate scaling parameters with an accuracy as good as
a cubic spline fit with optimized knot locations.

5. ANALYSIS

Conventional second-order finite difference solu-
tions of the system of continuity and momentum
equations (3) give fluctuations in the velocity and
pressure terms. Rather than using difference algo-
rithms specifically developed to smooth these fluc-
tuations, such as upwind differencing, the method of
orthogonal collocation with cubic Hermite splining
over finite elements is used for this analysis. This
method inherently gives smooth profiles for the vel-
ocities and fluxes. Also the nonlinearity of the momen-
tum-convection terms and the change of thermo-
physical properties with temperature and water
vapour mass fraction is included without the need
for iteration. The integral form (5) of the conser-
vation equations gives increased accuracy for the
numerical solution and can be incorporated without
adding to the complexity or computation time of the
solution.

The algorithm for the method of orthogonal col-
location for solving one-dimensional, parabolic par-
tial differential equations is described in detail by
Lapidus and Pinder [19]. In essence, this method
approximates the various profiles in the y-direction of
the velocity u, temperature ¢, and water vapour mass
fraction w, with splines of cubic Hermite polynomials
defined over a sequence of finite elements. With this
representation the partial differential equations (3),
expressed at the Gaussian quadrature points within
each element, are reduced to a system of ordinary
differential equations in the nodal variables repre-
senting u, f, w and P. The integral equations (5) are
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reduced similarly to ordinary differential equations.
The boundary conditions (4) and (6) are reduced to
a set of linear algebraic equations in the nodal vari-
ables. This system of mixed equations can be inte-
grated with x* with a conventional ODE solver to
yield the axial distributions of temperature and humid-
ity within the air stream, f(x*, y*) and w(x*, »*).
Both Nu and Sh are obtained from equations (7)
and (9).

In this analysis, five finite elements are used in com-
bination with the fourth-order Runge-Kutta method.
The experimental data in the integral boundary con-
ditions obtained from the previous section are inserted
in equations (6). Solutions are obtained and presented
for both the cubic spline and the F curve-fit dis-
tribution function representing the experimental data.
The initial flow conditions are those of fully developed
Hagen-Poiseuille flow through parallel plates with
uniform temperature and humidity. The thermo-
physical properties, p, ¢,, &, k, D,,,, are obtained from
the most recent published standards for property
evaluation for air-water vapour mixtures [18].

Figures 3 and 4 show the distributions in the x*-
direction of, respectively, the air-side Nusselt and
Sherwood numbers, and the conductive and total
energy and mass diffusion fluxes as computed by solv-
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ing the modelling equations {3)—(6) in combination
with the £ curve-fit. The variation of the local Nusselt
and Sherwood numbers is due to the non-uniform
distributions of the wall fluxes. These flux dis-
tributions have the shape of a skewed Gaussian dis-
tribution, as shown in Fig. 4. The fluxes are constant
in the region x* < —0.3 prior to the start of the wave.
In this region the computed Nu and Sh agree with the
asymptotic value for constant fluxes, 8.235 [20], as
indicated in Fig. 3 and this agreement substantiates
the accuracy of the numerical model. The Sherwood
number starts to increase at x* ~ —0.3, and the Nus-
selt number increases at x* x~ —0.2 in Fig. 3. This
difference is due to the sensitivity of the Nusselt and
Sherwood numbers to the representation of the exper-
imental data with interpolating functions.

Figure 5 shows the Nu and Sh distributions for the
cubic sphine curve-fit. These latter figures illustrate the
effect of the curve-fit representation on the results
of the calculations. The local Nusselt and Sherwood
numbers depend mainly on the distributions of the
derivatives of the wall fluxes. and the discontinuity of
the third derivative of the cubic splines at the knots
has a major effect on the computed transfer co-
efficients. This result shows that the experimental
data for input to the analysis need to be represented
with a curve-fit which is smooth and has continuous,
smooth derivatives up to at least sccond order. These
requircments are met by the integrated F distribution
as introduced in cquation (10). Furthermore, the
second derivative of the curve-fit should approximate
the second derivative of the experimental temperature
and humidity distributions with good accuracy. Such
a curve-fit requires extremely accurate measurements
ol the air-stream temperature, humidity and mass flow
rate, and a large serics of highly repeatable exper-
iments for a wide range of the air-stream mass flow
rate. These conditions are partly met by the redun-
dancy of the constant-pattern breakthrough curves.

The variations of Nu and Sk with position are
important in the window —0.2 < x* < 0.2 where the
magnitudes of the mass and energy transfer fluxes
arc largest. In this region, Fig. 3 indicates that the

I Van bpenN Buick

variations of Nu and Sh about the average vulue arc
similar and small, about + 5%. The average numbers
compare with the solution for a constant heat or mass
flux, 8.235. To check these results, the computed dis-
tributions can be compared with theoretical dis-
tributions obtained from an analogy theory. Graber
showed that the Nusselt number for forced convec-
tion, laminar flow in ducts depends on the derivative
of the heat flux [21]. For an exponential distribution
of the local wall heat flux, the temperature profile is
fully developed, the Nusselt number is constant and,
for flow through parallel plates. can be approximated
with the following linear equation:
1 dq

Nu = 8.2354+0.0222 - —-. (an
q dx

For non-exponential flux distributions, the tem-
perature profile is continuously developing. However,
it may be expected that the local Nusselt number can
still be approximated by equation (11). The local wall
heat flux is proportional to the derivative of the aver-
age fluid temperature with respect to x*, and, in this
study, can be directly obtained from the F curve-fit of
the experimental data. The estimated distributions of
the Nusselt and Sherwood numbers computed with
equation (11) are compared with the complete solu-
tion of the conservation equations in Fig. 6. The Sher-
wood number is computed by replacing q with j in
equation (11). The respective profiles do not exactly
overlap because the local wall fluxes do not vary expo-
nentially with x7. and the local temperature and
humidity profiles are continuously developing. How-
ever, the corresponding curves show the same vari-
ation and that fact substantiates the results of this
analysis.

Graber’s analysis can be used to estimate the vari-
ation of the air-side transfer coefficients during
adsorption. The distributions associated with adsorp-
tion are generally expansion waves [17]. These dis-
tributions are more smeared out than constant-pat-
tern waves and therefore the axial variation of the
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comparison with Graber’s analysis.
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transfer coefficients may be even smaller for adsorp-
tion than for desorption.

6. CONCLUSION

The axial distribution of the air-side heat and mass
transfer coefficients occurring in regenerative de-
humidifiers is evaluated from experimental break-
through curves obtained from single-blow exper-
iments. It is shown that the heat and mass transfer
coefficients vary little with position in the flow diiec-
tion for the slowly moving mass transfer wave. This
result validates the assumption of constant transfer
coefficients in the modelling of rotary dehumidifiers.

The technique which is used to compute the dis-
tributions was introduced by Ghezelayagh and Gida-
spow for isothermal mass transfer. This study extends
the use of this technique to simultaneous heat and
mass transfer occurring in desiccant regenerators. Tt
is shown that this technique can provide a powerful
procedure for analysing experimental breakthrough
curves.

The variation of the transfer coefficients due to
axially varying wall fluxes can also be examined by
Graber’s analysis. His correlation shows that the vari-
ation of the local Nusselt number is proportional with
the first derivative of the logarithm of the wall heat
flux with respect to position in the flow direction.
Curve-fits of experimental breakthrough curves there-
fore need to be continuous and smooth up to a high
order of differentiation. A distribution function for
curve-fitting which satisfies these requirements is pre-
sented in equation (10).
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TRANSFERT VARIABLE DE CHALEUR ET DE MASSE EN CONVECTION FORCEE
LAMINAIRE DANS LES TUBES

Résumé—La modélisation des régénérateurs de chaleur et de masse suppose souvent que les coeflicients de
transfert de chaleur et de masse sont uniformes et constants avec le temps et la position dans les passages
de I'écoulement. On présente une etude pour examiner la validité de cette hypothése. Des courbes expér-
imentales avec un montage 4 un seul courant et unc matrice de régénérateur d'un produit déshydratant
sont examinés en utilisant une technique de séparation. Les courbes de réponse sont entrées dans un modéle
qui calcule les distributions temporelles et spatiales des coefficients de transfert de chaleur et de masse du
coté air. On trouve que la variation des nombres de Nusselt ct de Sherwood est faible pour les cycles les
plus lents de transfert de masse qui déterminent les performances des deshumidificateurs régénérateurs. La
technique de séparation peut étre une procédure puissante pour analyser les courbes expérimentales.

INSTATIONARER WARME- UND STOFFTRANSPORT BEI LAMINARER
ERZWUNGENER KANALSTROMUNG

Zusammenfassung—Bei der Beschreibung der Vorgiinge bei Wirme- und Stoffriickgewinnung wird oft von
einheitlichen, zeit- und ortsunabhidngigen Warme- und Stofliibergangskoeffizienten innerhalb der Strémung
ausgegangen. In der vorliegenden Arbeit wird untersucht, inwieweit diese Annahme gerechtfertigt ist.
Unter Verwendung eines Separationsverfahrens werden experimentell ermittelte Ausgleichskurven fir
eine eingingige Versuchsanordnung mit einer Entfeuchtungskomponente untersucht. Die resultierenden
Kurven dienen als Eingabedaten fiir ein Modell, mit dem die zeitlichen und ortlichen Verteilungen der
luftscitigen Wirme- und Stoffiibergangskoeflizienten berechnet werden. Fiir die langsamen Stofftrans-
portwellen, welche das Leistungsvermdgen regenerativer Entfeuchter bestimmen, ergeben sich nur kleine
Anderungen in der Nusselt- und Sherwood-Zahl. Das Separationsverfahren erweist sich als gut geeignetes
Hilfsmittel zur Untersuchung experimentell bestimmter Ausgleichskurven.

HECTALMOHAPHBIA TEIIO- H MACCOIIEPEHOC ITPU JIAMUHAPHOM
BLIHY)KAEHHOKOHBEKTUBHOM TEUEHHWH B KAHAJIAX

Annoragus—IIpH MOZEIMPOBaHHH PETEHEPATHUBHBIX TEIIO- M MAacCOOOMEHHHKOB YacTO MNpEAnosa-
raeTcs, 4TO KO3(pUUHEHTHI TEIIO- U MACCONEPEHOCA ABMSIOTCA OCTOAHHBIMHA B Pa3JIHYHbIE MOMEHTBI
BPEMEHH M B Da3jMvHLIX TOYKax percHepatopa. B maHHoil paboTe uccienyetrcs npaBOMEPHOCTb 3TOTO
npeanojioxenns. C HCNOJL30BaHAEM METOIA Pa3esieHHs H3Y4aloTCA IKCIEPHMEHTAsIbHEIE KPHBbIE NIPO-
ZYBOK OOBITHOTO YCTPOMCTBA ¢ OJJHOKPATHBIM MPOJYBOM H MaTPHYHBIM PET€HEPATHBHBIM OCYIIHTEIIEM.
Kpusbie OTKJIHKA 3aJI0KEHBI B MOZEJIb, TO3BOJIAIOLIYIO PACCYHTBIBATH BPEMEHHBIE H [IPOCTPAHCTBEHHbIE
pacnpenesieHnsi K03pdUINEHTOB TeUIO- 1 Macconepenayy K Bo3ayxy. Haineno, uro uncna Hyccenbra un
Illeppyna H3MEHAIOTCA HE3HAYHTENbHO s 6ojiee MeMUICHHBIX MAacCONEPEHOCHBIX BOJIH, KOTOpbIE
SABJIAIOTCA ONpPEACTIOIMMY s PaboThl PEreHepaTUBHBIX OCyIMTENed. Meroa pasleneHds OKasan
¢BO1O 3BEKTHBHOCTD AJIA AHAJIH3a IKCIEPHMEHTANIBHBIX KPHBBIX IPOAYBOK.



