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PERFORMANCE OF A ROTATING REGENERATIVE HEAT

EXCHANGER--A NUMERICAL SIMULATION

CHAPTER I

INTRODUCTION

A heat regenerator is a heat exchanger which receives heat from a

hot flow, stores it temporarily, and releases it to a cold flow. Heat re-

generators are used in a variety of applications, such as in heating plants,

in refrigeration systems, in the recovery of waste thermal energy, and in

a number of situations where the availability of the energy does not

chronologically coincide with demand (e.g., solar systems).

There are two types of heat regenerators. A fixed bed regenerator

consists of a storage bed through which hot and cold fluids alternatively

travel. When hot fluids travel through the bed, heat which is stored in the

bed is released. After a certain period of time the hot fluid flow is shut

off and cold fluids are circulated, picking up heat from the bed. The

other type of heat regenerator, called a rotary regenerator, consists of a

rotating cylindrical matrix which is separated into two sections along the

axial direction of the cylinder. Hot fluid flows continuously through one

section while cold fluid flows through the other, usually countercurrently.

The matrix gains heat from the hot fluid when rotating through the hot

flow section, releasing heat to the cold fluid when moving through the cold
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flow section. The general features of these two types of regenerators

are shown in Figures 1-1 and 1-2.
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Figure 1-1. General Feature of Fixed Bed
Regenerator.
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separating
wall

cold flow

Figure 1-2. General Feature of Rotary Regenerator.
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As reported by Iliffe [1], in 1816 a heat regenerator was proposed

and constructed by Dr. Stirling in connection with a regenerative hot-air

engine. Such heat regenerators were mainly used as furnace air pre-

heaters until the development of gas turbine applications required compact

heat exchangers of high thermal efficiency ratio and low pressure drop.

Since the late 1960s the costs of generating thermal energy has been high

compared to other sources of heat energy and more attention has been

given to those methods which have stressed the recovery of waste energy.

There is, for example, solar energy which must be temporarily stored

during the day for use at later peak demand periods. Other efforts have

been directed at recovering the waste energy in the heating and cooling

systems of buildings, a source which did not appear to be economically

significant during prior years.

When compared to other types of heat exchangers a regenerator has

both advantages and disadvantages. As stated by Coppage and London [2],

the advantages are as follows:

1) A matrix-type surface provides large heat transfer surface per

unit volume, on the order of 700 to 2000 ft 3 per cubic foot.

The most compact heat exchanger of the direct-transfer type

provides a ratio on the order of 400 to 600 ft' per cubic

foot, meaning that the regenerator is relatively effective for

any given weight and surface limitations.

2) Matrix-type surfaces are relatively inexpensive and may be

readily fabricated from high temperature-resistant materials.

3) The matrix regenerator has a continuous self-cleaning action;

periodic reversal of the flow through the matrix prevents

formation of permanent flow stagnation regions.
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The disadvantages also described by Coppage and London are as follows:

1) Rotary regenerators tend to develop leaks arising from imper-

fect seals at the separating wall between the hot and cold

sections.

2) Fixed-bed regenerators require many changes in flow directions

and control of flow rates may also be necessary to maintain

the fluids within the ranges of required temperatures. These

factors result not only in flow losses, but in the necessity of

providing expensive ducting.

3) Restrictions in pressure drop in rotary generators necessitate a

large flow area with the usual matrix surface. The conse-

quence is that the advantage of a small matrix volume is to a

degree nullified by the bulky ducting requirements.

The objective of this thesis is to evaluate the performance of a

rotary regenerator with counter-flow. This evaluation includes the simul-

taneous consideration of heat transfer between both fluids and the solid

matrix, and the effects of the hot and cold fluids on each other through

the rotating matrix and in terms of leakage through the separating walls.

Most previous studies evaluated steady state performance, based on

indirect approaches for solving the governing equations for the regenerator.

These evaluations were based on results for the fixed bed regenerator.

Consideration was not given to transient temperature variations in the cir-

cumferential direction since the governing differential equations for the

fixed-bed did not include these terms. Although the effect of carry-over

was considered in preliminary investigations (Banks [3,4]), there were no

terms in the differential equations to represent this effect.
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In this study the effect of carry-over arising from rotation of the

matrix is accounted for in the governing differential equations. Solutions

to these governing equations, using finite difference methods, will yield

both transient and steady state temperature profiles in the circumferential

direction as well as the transient and steady state effectiveness values in

terms of appropriate nondimensional parameters. The effect of carry-

over on regenerator performance will be determined by examining the co-

efficients of each term in the governing equations.

Chapter II of this study includes a review of previous literature.

The problem is further defined, including the necessary assumptions and

modeling for the governing differential equations, as well as the derivation

of the governing differential equations. Chapter III is a presentation of

the development of finite difference equations, followed by stability and

error analysis for the numerical system. In Chapter IV a sample problem

is constructed, and its solution and results are presented. Conclusions and

suggestions for future study are offered in Chapter V.
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Notation

a ratio of circumferential velocity of flow to that of the

matrix, vfe/vme

A total heat transfer area in the device, m

B coefficient matrix of an error function

c specific heat, J /kg.K

heat capacity rate, W/K

ef equivalent heat capacity of interstitial fluid,

pp fcfLShl (11-s*)

Em equivalent heat capacity of matrix, (1-p) p mcmLShl (1+S*)

Cm heat capacity rate of matrix, wem

Cmin minimum of Cc and Ch

D coefficient matrix of error function

E effectiveness

F operator for error analysis

G operator for error analysis

convective heat transfer coefficient, W/m' K

H coefficient matrix of error function

(hA)* ratio of convective thermal resistance on the hot side to

that on the cold, (hA)h/(hA)c

hA equivalent convective thermal resistance, (hA)h /[l +(hA) *]

K slope of constant density contour

k 1 coefficient of the axial transport term in equation (2-16)

k , coefficient of the circumferential transport term in equa-

tion (2-16)

k , coefficient of the convection term in equation (2-16)



k , coefficient of the heat transport term by matrix rotation

in equation (2-17)

k a coefficient of the convection term in equation (2-17)

k coefficient of the axial transport term in equation (2-18)

k 7 coefficient of the convection term in equation (2-18)

k coefficient of the convection term in equation (2-19)

L length of device, m

m total mass of fluid or matrix contained in device, kg

M coefficient matrix of error function

NI maximum of index i

NJ maximum of index j

NTU number of heat transfer units, hA/Cmin

p porosity

r radial distance from rotation axis

S cross-sectional area perpendicular to rotation axis

S* Sh/Se

ve circumferential velocity

t temperature

T nondimensional temperature, (t tfce)/(tfhe tfce)
T nondimensional exact temperature

tfco mean of outlet fluid temperature on cold side

x axial distance from entrance of cold flow

Greek

a 1. - - - A h

1 Ch Em 1 aq

NTU Cmin Ef 1+S*

7



(a11/27r)(An/Ae)

"fa (12/27r)(,60/Lie)

8
1 Cc Cm S* Av

NTU 6min Cf 1+S*

nondimensional axial distance, x/L

error in temperature

.111. MN&

nondimensional time, hAr/Cm

9 angle on cold side in the direction of rotation of matrix

O nondimensional angle, e/27
1 + (hA)* Cm

Aq
1 + S* Cf

1 + (hA)* Si. Cm
AC An

(hA)* 1 + C-

1 - 6 - - A c

Ah

1 + (hA)* S*
vc

(hA)* 1 + S*
on

vh
1 + (hA)*
1 + S* Aq

8

r time variable, sec

angular velocity of matrix

X 1 + + vh

1+-ia+ve
ratio of the rate of heat transported by rotating matrix to

that transported by convection, tm/hA
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Subscript and Superscript

c cold

e entrance

f fluid

h hot

i index of axial direction

j index of circumferential direction

m matrix

n index of time level

O outlet

0 circumferential direction
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CHAPTER II

MATHEMATICAL THEORY

In this chapter previous analyses of regenerators are briefly re-

viewed and the problem to be addressed is defined, describing how the re-

generator works and presenting the idealized development of the governing

equations for mixing rates and temperature profiles. Differential equa-

tions for mixing rates will be derived from the basic mass conservation

law, followed by the development of equations for temperature profiles.

Literature Review

As previously mentioned fixed-bed regenerators were used in the

iron industry to preheat furnace intake air. Demands related to the use of

gas turbines in power plant applications encouraged research on rotary re-

generators and most of the theories related to these regenerators were

extensions of those for fixed-bed types. Thus, the analyses and review of

rotary regenerators which follows is preceded by a survey of analyses of

fixed-bed regenerators.

Schumann [5] obtained a set of differential equations, identical to

equations (2-25) to (2-28), describing temperature profiles in fixed-bed

regenerators and analytical solutions to his equations as sums of modified

Bessel functions. Nusselt [6] also obtained a set of differential equations,

identical to Schumann's, for a model in which fluids were heated or
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cooled by passing through a brick channel with negligible conduction in the

wall along the flow direction and infinite conduction in the wall normal to

the flow direction. Nusselt, like Schumann, considered a constant entering

fluid temperature, however the initial temperature of the fixed wall was

an arbitrary function of axial distance. He obtained analytical solutions in

the form of integral equations, including modified Bessel. functions. The

arbitrary initial wall temperature meant that his solutions were applicable

to the case of periodic operation of a fixed-bed regenerator. Anzelius [7]

also obtained analytical solutions in the form of integral equations similar

to those of Nusselt in the case of uniform initial matrix temperatures.

Hayssen [8,9,10,11,12] directed a great deal of his research efforts

toward heat regenerators. To solve the differential equations for temper-

ature distributions in a regenerator, he used an eigenfunction method in

which the zero eigenfunction (fundamental) represented the linear charac-

ter of the temperature distributions while the nonzero eigenfunctions ac-

counted for the nonlinearity of the temperature distributions for periodic

operation. Hausen also introduced a modified heat transfer coefficient

related to the average wall temperature, rather than the surface tempera-

ture, to account for wall thickness effects. His "heat pole" method was

based on the linearity of the differential equations. With this method heat

pole functions can be used repeatedly after once being obtained by solving

the previously developed integral equations or by a step-by-step method.

Iliffe [1] solved the integral equations developed by Nusselt by dividing the

regenerator into a series of equal dimensions. Using Simmon!s rule. he

transformed the integration into a summation, solving the resulting linear

equations for unknown wall temperatures at the end of each time period.
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Johnson [13] obtained solutions to the equations for initial blow by

Fairthorne's method using finite differences, and for periodic operation by

the heat pole method. He deduced the heat transfer coefficients by com-

paring the experimental variation of the gas outlet temperature over time

with similar theoretical curves calculated from assumed heat transfer co-

efficients and presented a thorough explanation of an experiment to mea-

sure the temperatures and pressure drop across the regenerator. Johnson

presented curves of heat transfer coefficients and pressure drop as func-

tions of Reynolds number for gauze and flame trap matrix materials.

Saunders and Smoleniec [14] suggested that the effectiveness of regenera-

tors for cases with equal reduced periods and lengths could be compared

to cases with unequal reduced periods and lengths. Reduced period and re-

duced length are, respectively, the dimensionless period of operation cycle

and the dimensionless size of a regenerator. Saunders and Smoleniec ob-

tained heat transfer coefficients for three kinds of gauze matrices, for

one case of an expanded metal surface, for a single sphere, and for flow

normal to a single cylinder.

Nahavandi and Weinstein [15] achieved the same integral equations as

Nusselt using the Laplace transform. To solve the integral equations they

represented the unknown wall temperature at the beginning of each period

as a power series and solved the resulting linear equations for the un-

known coefficients of the power series. Butterfield, Schofield, and Young

[16] introduced a parameter for three different matrix geometries which

takes into account the effect of the matrix thickness on the heat transfer

coefficient, enabling it to be related to the modified heat transfer coeffi-

cient.



13

Willmot [17] utilized numerical step-by-step procedures to solve the

differential equations, which were then transformed into difference equa-

tions using the trapezoidal rule. He also suggested a numerical method

for the nonlinear problem, accounting for the time-dependent flow rates of

fluids, which causes the heat transfer coefficient_ to vary with time.

Larsen [18] presented a solution for the problem with a uniform initial

matrix temperature and constant entering fluid temperature for dimension-

less axial distance, e, between 0 and 20 and dimensionless time, 77, from

0 to 20 . He suggested that his results could be extended to cases of ar-

bitrary initial matrix temperature and arbitrary entering fluid temperature

by superposition. Willmot [19] then obtained solutions for the nonlinear

problems with time-dependent mass flow rates by the method he had pre-

viously suggested [17]. He also transformed the differential equations for

the three dimensional problem [20], including conduction heat transfer in

the matrix normal to the flow, to finite difference form, and solved the

system of resulting linear equations in the form of a tridiagonal matrix

for the temperatures in the regenerator.

Schmidt and Szego [21,22] transformed the differential equations for

the transient temperature distributions in the regenerator, including conduc-

tion heat transfer in the matrix along and normal to the flow direction,

into finite difference forms using a backward difference method for time

derivatives and central differences for the spatial derivative. Their com-

putational procedure involved an iterative scheme at each time level, with

initial approximations made for the matrix temperature.

Willmot and Thomas [23] have since provided a discussion of the

problems of ill-conditioning which occurs in solving the differential equa-

tions numerically for a long regenerator, proposing the closed method sug-
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gested by Iliffe [1]. The ill-conditioning arises from the linearity of the

temperature distribution along the flow direction in a long regenerator.

Willmot and Kulakowski [24] discussed using numerical-aGeeler-ation

obtainsteady_state solutions in cyclical operation of the regenerator. They

applied Aitken's O method for this purpose and gave details of parameter

ranges for which it was suitable. Willmot and Burns [25] examined the

transient response of a fixed-bed regenerator, in cyclic equilibrium, to a

step change in inlet fluid temperature or in the fluid flow rate, giving val-

ues of the nondimensional time required to reestablish cyclic equilibrium in

terms of reduced length of the regenerator. Willmot and Burns [26] also

examined the transient response to a simultaneous step change in inlet fluid

temperature and fluid flow rate. These same two authors [27] showed

how to employ a model of the equivalent thick-walled recuperator to eval-

uate the transient response of the regenerator to a step change in opera-

tion. Willmot and Duggan [28] discussed the difficulties due to ill-

conditioning of the linear equations resulting from the Nahavandi and Wein-

stein [15] method of solving the integral equations describing the tempera-

tures in a fixed bed regenerator and suggested possible means of alleviat-

ing these difficulties. Heggs and Foumeny [29] investigated the effects of

axial fluid conduction on the effectiveness of a fixed bed regenerator and

Heggs, with Mitchell [30], further investigated the transient response of a

fixed-bed regenerator to a step change in inlet temperature. They showed

that the period of the transience is dependent on the reduced length, the

reduced period, and the magnitude of the step changes. Heggs and Mitchell

[31] developed a design chart for an asymmetric, unbalanced fixed bed re-

generator.
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Coppage and London [2] discussed the advantages and disadvantages

of rotary regenerators, presenting available solutions for regenerative per-

formance which were developed from those of fixed bed regenerators.

They proposed closed form solutions for the effectiveness of the regener-

ator, based on the approximation that each fluid temperature were lumped

in the circumferential direction. Lambertson [32] obtained finite differ-

ence solutions for the steady state temperatures in a rotary regenerator

for a range of essential parameters. Harper and Rohsenow [33] consid-

ered the effect of leakage due to bypass on the effectiveness of rotary

regenerators.

Cima and London [34], Biancardi, London, and Mitchell [35], and

London, Sampsell, and McGowan [36] developed differential equations de-

scribing the transient behavior of temperatures in rotary regenerators, ob-

taining analytical solutions supplemented by an experiment using an electri-

cal analog system and numerical solutions. Temperatures of the fluid and

the matrix were, however, lumped in the circumferential direction on each

side. Bahnke and Howard [37] obtained numerical solutions for steady

state temperatures in a rotary regenerator, including the effect of heat

conduction in the matrix material along the flow direction. Umeda and

Hayama [38] employed the Laplace transform to obtain dynamic and static

solutions for the temperatures in a rotary regenerator. Braudemuehl and

Banks [39] investigated the effects of time-varying inlet temperatures and

of circumferential nonuniformities of inlet temperature on the performance

of a rotary regenerator. Banks [3,4] introduced a parameter to describe

carry-over effect and evaluated the resulting performance.
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Definition of the Problem.

A matrix, e.g., stacked screens, rotates with angular velocity (4) in

a stationary cylinder separated into two parts by a stationary wall along

the axis of the cylinder. A hot fluid at temperature tthe with heat capac-

ity rate Ch enters on one of the two sides - -the hot side. Simultaneously a

cold fluid enters the other side, in the opposite direction at temperature

tfce with heat capacity rate ac; this is the cold side. Two lines of sta-

tionary walls are in the cylinder along the axial direction to separate the

two countercurrent flows. Each wall consists of alternating free spaces

and solid blocks. The matrices rotate through the free spaces in a direc-

tion perpendicular to the walls, one part exposed to the hot flow and one

part exposed to the cold flow. In cases were mixing of the two flows is

allowed in a certain amount or in the case of a short regenerator, there

may be no solid wall between the two flows in the axial direction. In this

study it is assumed that there are walls at the boundaries between the two

flows, which will be referred to as separating walls whether or not real

walls exist. If the regenerator system is initially at the temperature of

the entering cold flow, it would be useful to know the temperature pro-

files of the fluids and of the matrix, as well as the energy transported

from the hot fluid to the cold after a certain period of time.

In the regenerator the fluid flows and the rotating matrix pass each

other in cross directions, although there is slow circumferential flow due

to the matrix rotation. Heat is transferred from the hot fluid to the ma-

trix via convection; it is transported from the hot side to the cold side

principally by the rotation of the matrix and, secondarily, by conduction in

the matrix; and it is released to the cold flow through convection. For
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each fluid heat is transported mainly by bulk flow and, to a lesser extent,

by conduction.

The cylindrical coordinates for this system are fixed. The center

of the cross-section at the entrance of the cold fluid is taken as the coor-

inate origin. The variable, x, is the axial distance from the origin, 0, is

the angle from the beginning of the cold section along the direction of ma-

rix rotation, and r is the radial distance from the axis of rotation. An

elementary control volume is shown in Figures 2-1 and 2-2. Figure 2-3

presents the control volume of the system cut at the wall .

separating
wall

hot flow

C
h'

tfh
o

elementary
control volume

hot flow

C
h'

t
fhe

cold flow

Cc' tfce

cold flow

C
c'

t
fco

Figure 2-1. Basic Configuration of Rotary Regenerator. Elementary
control volume is expressed in (x,e) space.
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Derivation of Governing Differential Equations.

Idealizations are required to obtain systems of differential equations

describing the mixing of two fluids by carry-over effects and the heat

transfer behavior of the regenerator. The assumptions made in this anal-

ysis are as follows:

1) The physical properties of each fluid and matrix are constant

with respect to temperature and pressure. As a result of

this idealization, the flow is incompressible.

2) The system is well insulated from the environment.

3) The matrix is distributed uniformly, thus it is assumed that the

system is homogeneous.

4) The diffusion due to the concentration gradients of each compo-

nent is neglected.

5) There are no chemical reactions.

6) The gas mixture obeys the ideal gas law. Dalton's law for gas

mixtures may be applied and the physical properties of the

mixture are additive. Thus, density and specific heat of

flow at a point are given as

Pf = IffhePfhe YfcePfce

ef = wfheefhe wfcecfce

where Yfhe and Yfee are the volume fraction of the entering fluid on each

side and wfhe and wfce are the weight fractions of the entering fluids.

7) There is no pressure difference between two sides, meaning

that no leakage occurs between them.

8) Entering axial velocities are uniform across the cross-section

and are constant with respect to time.
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The actual velocity in each direction is not locally uniform, but it

varies with proximity to the solid material. The velocity at point a in

Figure 2-4 is thus larger than at points b and c. The velocity at point c

is actually zero, because it is a stagnation point. The density of fluid in

the system is pp f instead of p f, since the actual volume occupied by the

fluid per unit volume is p. Velocity, in this study, is an average taken of

the mass flow rate per unit frontal area divided by the product of porosity

and fluid density, pp f.

b

--------)IP
I

I

Pf ....-----4P $

t

matrix free
space

I

1 PPf
1 I space with matrix

11111 .... ..M vem

Figure 2-4. Example of Velocity Variations in Control
Volume in case where matrix is sphere.
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Equation of Mass Conservation.

The hot and cold fluids are mixed through carry-over resulting

from rotation of the matrix. The average fluid density at a point in the

flow varies with the fraction of each fluid if the entering fluid streams

are at different conditions. At a point next to the wall, in the middle of

the system, the flow density is not that of the entering fluid, but rather of

a mixture of hot and cold fluids. Thus, the flow density varies with the

fraction of the each entering fluid, which varies with space and time.

With this in mind a mass balance on a control volume yields:

outflow rate in the axial direction

ppfUrAeAr lx+Ax,r+Ar/2,e+Ae/2

inflow rate in the axial direction

ppfUrAeArlx,r+Ar/2,e+ae/2
outflow rate in the radial direction

= pp fvfrAxrAe I x+Ax/2,e+Ae/2,r+Ar

inflow rate in the radial direction

= pp fvfrAxrAe I x+Ax/2,e+Ae/2,r;

outflow rate in the circumferential direction

= PPfVfeAXAr I xi-Ax/2,e+Ae,r+ar/2

inflow rate in the circumferential direction

= PPrifeAXAr I xi-ax/2,e,r+Ar/2

rate of mass storage in the control volume

= pp fAxrAeAr/Ar I x+Ax/2,e+Ae/2,r+Ar/2

Balancing these terms , dividing by pharAear, and taking the limits gives

apf a(pfU) 1 a(rpfvfr) 1 a(pfVfe)
+ 0 (2-1)

ar ax r ar r ae



22

There will be no net leakage between the two sides, since no pres-

sure difference exists between them. There is no external force and no

boundary velocity in the radial direction. Consequently, no major flow oc-

curs in this direction, although some may occur locally. An additional ide-

alization may now be added to our list:

9) Flow in the radial direction is negligible.

With this idealization, the third term in the mass conservation expression,

equation (2-1), can be dropped.

The axial velocities on both hot and cold sides can be assumed con-

stant along the axial direction because there will be no net leakage, there

will be negligible flow in the radial direction, and because of the incom-

pressibility of the flow. The drag force produced by the rotating matrix

can produce a flow in the circumferential direction. A constant axial ve-

locity and no flow in the radial direction requires that the circumferential

velocity be constant along the 0 direction and uniform in the axial direc-

tion. Thus, both sides will have the same circumferential velocity. This

velocity cannot be larger than that of the matrix since matrix rotation pro-

duces the flow.

We now define a parameter, a, as the ratio of the circumferential

velocity to that of the matrix:

a = vfe/vme = vfe/rw

The parameter, a, clearly has a value between 1 and 0. As illustrated in

Figure 2-5, the parameter, a, would be 1 in the case of an impervious flat

plate matrix oriented in the axial direction. The parameter, a, would be

less than 1 in the case where the flat plate matrix is porous or where

free spaces exists in the circumferential direction, as illustrated in Figure
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2-6. The parameter, a, must be determined by experiment; it will be a

function of matrix geometry and properties of the fluid.

(a)

matrix
plate

(

A
(b)

Figure 2-5. Example of Matrix Composed of Impervious Flat Plates
with surfaces perpendicular to the circumferential direction.
(a): end view. (b): side view along axis.

(a)

matrix
plate

free space

(b)

Figure 2-6. Example of Control volume in which porous flat plates
with surfaces perpendicular to the circumferential direction are
separated by tee spaces. (a): end view. (b): side view along axis.



Nondimensional variables for axial and circumferential directions

are defined as

x/L
e/2r.

Discarding the transient term, neglecting the third term, considering U con-

stant, replacing vf by a r, and rewriting equation (2-1), we obtain

24

U apt-. aw apf
+ 0 ( 2 - 2 )

L 2r IV
Since the total derivative of density is zero along a constant density

contour, we have

dpf = (apf/8 0k + (apf/ae)d5 = 0.
Thus,

do/k = -(apla01(apla6)
By virtue of equation (2-2), we have

K = de/6 = (L/U)/(2r/aw).

The parameter, K, seen to be the slope of a constant density contour in

space, is the ratio of dwell time of the flow in the axial direction

to the time for one rotation. To describe the propagation of carry-over,

Banks [3,4] introduced a similar parameter, which he defined as the

ratio of dwell time of flow on each side to that of the matrix. This

definition of Ic does not account for the matrix. geometry. The parameter,

K, in this study is derived directly from the differential equation, which

includes carry-over, and the geometric factor of the matrix.

Equation (2-1) may now be written for each side as

hot side:
aPfh a(pfhUh) 1 a(pfhvfe)

8r
- 0 (2-3)

ax r ae



cold side:
8Pfc a ( P iCUC) 1 a ( p forfe)

a r ax r a e
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= 0 (2-4)

The negative sign of the second term for the hot side is due to the coun-

terflow nature of this fluid.

The initial conditions are

p fh(0,x,e) = P fce

Pfc(°,x,e) = Pfce.
One of the boundary conditions is at the entrances

P f,( 'Le) = P fhe

Pfc(s,°,e) = P fce.
A second boundary condition will come from the geometry of the system,

or from the equality between inflow and outflow rates at steady state.

The resulting system of equations, (2-3) and (2-4), can be solved

numerically with proper finite differencing methods. The density at a

given point at a particular time can be evaluated, giving the fraction of

each entering fluid. This fraction is the mixing rate of the two fluids at

a location after the regenerator has begun to operate. Such an evaluation

was not pursued in the present study.

Equation of Energy Conservation

The matrix is considered to be uniformly distributed with a large

contact surface area compared with its volume. All dimensions of the in-

ternal composition of the matrix are very small. Thus, the conduction in-

ward within the matrix can be neglected. As expressed by Handley and

Heggs [40], if the product of the reduced length and two times the inverse

of the Biot number is less than 60, the conduction internal to a spherical

matrix cannot be neglected. Although there is some difference in the ef-
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fects within fixed bed and moving bed regenerators, this criterion can be

utilized for the case where the product is far from the value of 60. The

actual value for the sample case which will be solved in this study is

2798. The hydraulic radius of the matrix wire was used in this study, in-

stead of the radius of spheres as provided in the model of Handley and

Heggs.

In a counterflow situation heat is transferred from the fluid to the

solid matrix on the hot side and in the reverse manner on the cold side.

According to the first law of thermodynamics, the heat storage in a con-

trol volume is equal to the difference between the output from the control

volume and the input. An energy balance must be developed for each

medium in the control volume.

For the flow

a) Heat transfer by conduction in the x direction:

- kfpx(atf/ax)rAeArAr I x,e+Ae/2,r+Ar/2,T+A r /2

+kfpx(atf/ax)rAeArA r I x+Ax,e+zie/2,r+Ar/2, r+As/ 2

in the 0 direction:

- kfpe(atf/r8e)ATAXA r I x+Ax/2,e,r+Ar/2,r+Ar /2

+kfpe(atf/rae)ArAxAr I x+Ax/2,e+Ae,r+Ar/2,7+Ar/2
in the r direction:

-kfpr(atf/ar)rtiebati r

+kfpr(atf/ar)TAOAXA r
x+Ax/2,e+Ae/2,r,r+A r /2

x+Ax/2,e+Ae/2,r+Ar, r r /2
In this development kf is the fluid conductivity. The parameters px,

and pr are the area porosities perpendicular to each flow direction.

These parameters may have different values, dependent upon the matrix

geometry.

Pe,



b) Heat transport by flow in the x direction:

pp fcfUtfrAeArt, r I x,e+Ae/2,r+Ar/2,r+Ar/2

- pp fcfUtfrAeArA r
I x+Ax,e+Ae/2,r+Ar/2,7+Ar /2

in the e direction:

pp fCfVfetfAXArAr I x+Ax/2,e,r+Ar/2,r+Ar /2

- pp fCfVfetfAXArAr I X+AX/2,9+40.8,r+Ar/2,r+Ar /2
in the r direction:

pp fefVfetfLarAeAr I x+Ax/2,e+Ae/2,r, r-I-A r /2

- ppfcfvfrtfAxrAeAr I x+Ax/2,e+Ae/2,r+Ar, 7+46, /2

c) Heat transfer by convection between the fluid and the matrix:

((hA)/LS)(tm - tf)AxrAeArAr I x+Ax/2,e+ae/2,r+Ar/2,r+Ar /2

d) Energy accumulation:

pp fcftfAxrAeAr I x+Ax/2,e+Ae/2,r+Ar/2,71-Ar

- pp fcftfAxrAeAr I x+Ax/2,e+Ae/2,r+Ar/2,7

Balancing these terms, dividing by AxrAeArAr, taking limits, and rear-

ranging we obtain

a (p fcftf) a(pfcfUtf ) p a(pfcfryfrtf )
+ p

ar ex r ar
p p fCfIT fetf) a2tf kfPr atfkfPx, + (r )
r a e ax4 r ar ar

kfPe a2tf (hA)+ -( tm t f )
r2 ae2 LS
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. ( 2 - 5 )

From the earlier analysis for mass conservation we know that the

axial velocity, U, is a constant. By idealization (9), the energy transport

term in the radial direction can be neglected. A parameter, kf/pfcfULp,

relates the ratio of the conduction heat transfer rate in the fluid to the

heat transport by the fluid flow. The conductivity in this parameter in-
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cludes both molecular and turbulent contributions. The molecular conduc-

tivity will be used in the following analysis because the values of the tur-

bulent conductivity are not available. If the fluid is air at 400K, L =

0.2m, p = 0.8, and U = 5m/sec, the magnitude of this parameter is of the

order, 10-5. The terms representing the conduction thus are negligible.

The preceding analysis allows additional idealization to be added to our

list.

10) Heat transfer by conduction in the flow is negligible, compared

with heat transported by flow.

Neglecting radial transport and all conduction terms and rewriting

the circumferential velocity as afar, equation (2-5) becomes

a(pfcftf) a( pfCftf) a(pfcftf)
p

+ pII + awpar aX ae

hA (t tf )(LS )(t . ( 2-6 )

For the matrix

a) Heat transfer by conduction in the x direction:

- km(1-px)(atin/ax)rAeArAT I x,e+63/2,r+Ar/2,T+Ar/2

+ km(1-px)(atm/ax)rAeArAr I x+Ax,e+Ae/2,r+Ar/2,r+Ar/2
in the 0 direction:

- km(1-pe)(atm/rt.e)AxArh. x+ax/2,e,r+tir/2,7+a r/2
+ km(1-pe)(atin/rAe)axArAr x+Ax/2,e+Ae,r+Ar/2,7+Ar /2
in the r direction:

- km(1-pr)( atm/ a r)tarAet.T I x+Ax/2,e+Lie/2,r,r+Ar /2
+ km(1-pr)(atm/ar)tark.eAr I x+Ax/2,e+t.e/2,r+Ar,r+Ar /2
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b) Heat transport by the rotating matrix:

p mcm(i-p)V metmAXAT r x+4,x/2,13,r+Ar/2, T +A r /2

- p mCm(1-p)V metmAXAr x+Ax/2,e+Ae,r+Ar/2, r +A r /2

c) Heat transfer by convection between the matrix and the fluid:

((hA)/LS)(tf - tm)AxrAeArt, x-I-AX/2,131-Ae/2,r+Ar/2, r +A T / 2

d) Energy storage:

p mem(1-P)tmAXT AO Ar I x+Ax/2,e+Ae/2,r+Ar/2, r +A r /2

- p mCm(i-p)tmAXT AO AT I x+Ax/2,e+Ae/2,r+Ar/2, r

Substituting these terms appropriately, dividing by AxrAeArA r , taking

limits, and rearranging, we obtain

atm pmcm(1-p)vme atm a 2 tm
( 1 - p )pmCm + . km( 1-Px)

ar r ae ax

km( 1-pr ) 8 atm km( 1-Pe ) a 2 tm
(r ) +

r ar ar r2 a e 2

(hALS

J-

) (t+- - tm) . (2-7)

To compare conduction heat transfer with heat transported by rotation, an

analysis will be conducted for a sample case. Considering the matrix

material to be stainless steel with a porosity of 0.8, its length to be 0.2m,

and rotating at 10rpm, the value of km /{ pmcmvme(1-p)LI, which indi-

cates the ratio of the rate of heat transfer by conduction in each direction

to the rate of heat transported by rotation, is less than 0.14% at a radial

position of 0.2m. Thus, another idealization may be added to our list.

11) Conduction heat transfer in the matrix may be neglected.

With the elimination of conduction terms and by rewriting the cir-

cumferential velocity as rw, equation (2-7) becomes
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a tm a tm
( hA )

(1 + (1 -p)pmcmw--- tm) . (2-8)
88 LS

With idealization (1), densities and specific heats for the fluids are

constant when the entering fluids' conditions are identical. In this case

equations (2-6) and (2-8) may be written for each stream. Multiplying

the resulting equations by the volume of each side we obtain the following

expressions:

Cold side

atfc . atfc atfc
fluid: Cfc + CcL-- Cfcaw

ax 80

- (hA)c(tm - tfc) . . . . . (2-9)

atm atm
matrix: Cmc

ar '
+ Cmcw

88
w - (hA)c(tfc - tm) . (2-10)

Hot side

fluid:
atfh , atfh atfh

Cfh - ChL + Cfhaw
OX 89

(hA)h(tm tfh)

a tm atm
matrix: Cmh--- + Cmhw__

Or 88

where,

- ( )shA,h_(t fh tm)

( 2 -11 )

( 2 -12 )

Cfc = heat capacity of interstitial fluid on the cold side, pp fcfLSc

ec = heat capacity rate of the cold flow, pp fcfUcSc

Cfh = heat capacity of interstitial fluid on the hot side, pp fcfLSh.

Oh = heat capacity rate of the hot flow, pp fcfUhSh

Cmc = heat capacity of matrix on the cold side, (1-p)pmcmLSc

Cmh = heat capacity of matrix on the hot side,(1-p) pmcmLSh.
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The negative sign on the second term in equation (2-11) arises since axial

velocity on the hot side is opposite to that on the cold side.

Initial condition. The initial condition for the system expresses that

the regenerator is initially at the temperature of the entering cold fluid.

tfc(0,x,e) = tfh(0,x,0) = tm(0,x,0) = tfce - . . (2-13)

Boundary conditions. One boundary condition for fluid temperatures

is at the entrance for each flow; the other arises from the periodic char-

acter of the regenerator. The matrix temperature is continuous at the se-

paration walls.

1) At the entrance:

tfc( r ,0,0) = tfce
tfh( r ,L,O) = tfhe . . . . (2-14);

2) From the periodic character:

tfc( r ,x,0 ) = tfc( r ,x,0+27r )

tfh( r ,x,e) = tfh( r ,x,e+27 ) . . . (2-15).

3) Continuity of matrix temperature at walls:

tine( r ,x,O) = tmh( r ,x,27r )

tam( r ,x,8 0 ) = tmh( r ,x,e . )

We define the parameters as follows:

S* = ratio of the cross sectional area of the hot side to that of

the cold, Sh/Sc,

(hA)* = ratio of convective thermal resistance on the hot side to

that on the cold, (hA)h/(hA)c,

a = equivalent convective thermal resistance,

1 /hA = 1/(tUk)h + 1 /(hA)c,

Of = equivalent heat capacity of the interstitial fluid,

1/Cf = 1/Cfh + 1/Cfc = (l/Sh + 1/Sc)/Lpfcfp,



32

Cm = equivalent heat capacity of the matrix,

1/Cm = 1/Cmh + 1/Cmc = (l/Sh + 1/Sc)/Lpmcm(1-p),

Cm = heat capacity rate of the rotating matrix, wCm,

min - minimum of Co and Ch,

n = ratio of heat transport rate due to matrix rotation to heat

transfer rate by convection between the two media,
.
Cm/hA

NTU = number of heat transfer units, hA/emin

The nondimensional time and temperature are defined as follows:

ri = nondimensional time, hAr /Cm

T = nondimensional temperature, (t - tfee)/(tthe - tfce)
The equations describing the temperature distributions of the regen-

erator may now be written in terms of these nondimensional parameters:

Cold side

aTfc/all + kiaTfc/a + k2aTfc/ee = k3(Tm - Tfc) . (246)

aTml a q + WIT ml 85 = k5(T fc - Tm) . . . .(2-17)

Hot side

aTfh/ai, - kiaTfh/o4 + k2aTfh/ao = k7(Tm - Tfh) . (2-18)

aTml a q + k4aTiniiii = k8(Tth - Tm) . . . .(2-19)

where
. _

1 Cc Cm s*
ki -

NTU Clain 4 1+S*

an
k2 2r

k 1+(hA)* S* Cms=
( hA )* 1+S* Cf



n
k4 ' 2r

k5

k6

k7

1+(hA ). S3.

(hA)* 1+S*

1 Ch Cm 1a MrIIII
NTU Crain Cf 1+S*

1+(hA)* Cm
...

1+S* Cf

k8..
1+(hA)*

1+S*

33

Initial condition:

Tfh(0, ,i5) = Tfc(04 ,ii)

= Tm(0,f JO = 0. . . . . . . . . (2-20)

Boundary conditions:

1) At the entrances:

Tfe(q ,0,6) = 0

Tfh(4,1,O) = 1 . . . . . . (2-21)

2) From the periodic character:

Tfc(q,e,43) = Tfc(9,e,o+1)

Tfh(g aol-Ei) = Tfh(g a:6+1)

3) Continuity of matrix temperature at the walls:

Tinc(Ifot,0) = Tmh(Iht,i)

. . .(2-22)

Tinc(q,Ce.)=. Tmh(na,O.)
At this point we may anticipate the effects of the various parame-

ters on the temperature distributions. Heat transport in the axial direction

in equation (2-16) is the heat supply term to the control volume. Most of

the heat supplied is absorbed by the matrix through convection and a small
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part of the heat is propagated in the circumferential direction. The en-

ergy absorbed by the matrix is transported by rotation toward the cold side

and is then transferred to the cold fluid by convection. This energy is

transported by cold flow in the opposite direction to the hot flow.

If all parameters except NTU are held constant, each term in equa-

tion (2-16) and (2-19) could be assumed constant. Since the coefficients

of heat transport along the axial direction decrease as NTU increases, the

temperature variations in the axial direction can be expected to increase in

order to compensate for the decrease in the coefficient as the size of the

regenerator increases. This means that more heat may be recovered by a

longer regenerator, a very logical expectation. The coefficient of the ax-

ial transport term on the side with the larger heat capacity rate increases

as the heat capacity rate increases. Consequently, the slope of the tem-

perature profile in the axial direction decreases as its capacity rate in-

creases, provided the other parameters remain constant. The parameter,

CI, represents the effect of the matrix rotation speed on the temperature

variations. The slope of the matrix temperature profile in the circumfer-

ential direction will decrease as n increases, provided the other parame-

ters remain constant.

If we examine equations (2-17) and (2-19), the convection terms on

the right side represent external effects; the terms on the left side ac-

count for the thermal inertia. The thermal inertia is seen to increase

with 0. Consequently, it takes longer for a system with rapid rotation to

reach steady state in response to external effects. We may also expect a

quicker response to external effects as iZ increases, since rapid rotation

transports energy more rapidly. To anticipate the effect of carry-over,

the case of a symmetric (S* = 1, (hA)*) and balanced (Cc = Ch) regener-
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ator for steady state conditions will be taken as an example. If we divide

both sides of equations (2-16) and (2-18) by (2 Cm) /(NTU Cf), we have

aTfc Ef Tfc
2NTU(Tm - Tfc) (2-2 3 )

a 2r emin

aTph Cf aTfh
+ - 2NTU(Tm - Tfh) . (2-2 4 )

2,r Cmin ae.

The effect of carry-over is seen to be negligible since the coefficient of

the partial derivative in the circumferential direction is very small com-

pared with those of the other terms.

The effectiveness is defined as the ratio of actual heat recovery by

the cold fluid in a regenerator to the maximum possible heat recovery that

would take place if infinite surface were available. This definition yields

the expression

2 2x/n(les oocfpfU - R tfde - to klto i )/6 fce )

Cmin(tfhe tfce)

where Ro and Ri are, respectively, the outer and inner radii of the regen-

erator. The mean outlet temperature of the cold side is given by

tfco

2 2 je.cfpfuc(R0 - Ri)/2 tfcode

6c

With this mean temperature, the effectiveness becomes
.

E
Co(tfoo tfce ) Cc

= Tfco
Cmin(tfhe tfce) Cmin

where Tfco is the dimensionless mean outlet temperature.

If we divide both sides of equations (2-16) to (2-19) by the coeffi-

cients of axial transport term in each equation respectively, we have for

the case of steady state and with no circumferential fluid flow:
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Cold side

aTfc (hA)c
-fluid: (Tm - Tfc) . (2-25)

of Cc

aTm 21.(hA)c
matrix: - (Tfc - Tm) . (2-26)

80 'MC w

Hot side

effh (hA)h
fluid: -w--- (Tm - Tfh) . (2-27)

ae '11

matrix:
8Tm 2r(hA)h

(Tfh - Tm) .(2-28)
89 Cmh w

If the variable, 0, were switched with time variable, 77, these four

equations would be identical to those describing the temperature distribu-

tions in a fixed-bed regenerator. The theories of Heggs and Foumeny

[29], Coppage and London [2], and Braudemuehl and Banks [39], which ac-

cording to their authors were developed for analysis of the performance

of rotary regenerators, include a restriction insofar as they were based on

these equations: Steady state temperature profiles are not lumped in the

circumferential direction, but transient temperature profiles are lumped in

this direction.
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CHAPTER III

DEVELOPMENT OF NUMERICAL ALGORITHM

Since the system of differential equations includes two different

domains and two different media, it is difficult to obtain a solution to

equations (2-16) to (2-19) by explicit means . Consequently, this chapter

will describe the transformation of the differential equations into differ-

ence equations for each medium and the resultant error and stability analy-

sis for the system of developed difference equations. The algorithm for

the computation of the difference equation system is summarized, with ap-

propriate flow charts included in Appendix D.

Transformation of Differential Equations

To Difference Equations

The system was divided into equally spaced axial increments,

A e, and angle, AO, composed of 10 x 10 cells with indices starting at the

wall from the hot side to the cold along the direction of matrix rotation

(see Figure 3-1). Temperatures were evaluated at the center of each cell

at equally spaced time increments, A q. Subscript "i" refers to the axial

direction, subscript

"n" to time.

"i" to the circumferential direction, and superscript
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Figure 3-1. System with 10 x 10 Cells, cut at the wall from
the hot side to the cold side along the direction of matrix
rotation.
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Fluid Temperatures

The fluid temperature at cell (i,j) at time n+1 was evaluated with

known temperatures at time "n" (see Figure 3-2). With reference to the

differential equations for fluid temperatures, energy was simultaneously

exchanged as follows: By axial flow a certain amount of energy was

transported to cell (i,j) from cell (i -1,j) on the cold side, or from cell

(i +l,j) on the hot side; a certain amount of energy was transported from

cell (i,j) to cell (i +l,j) on the cold side, or to cell (i-1,j) on the hot side.

By circumferential flow a certain amount of energy was also transported

to cell (i,j) from cell (i,j-1) and a certain amount transported to cell

(i,j+1) from cell (i,j). Energy was also transferred to the matrix from

the fluid in the cells. The fluid temperature in cell (i,j) at time n+1 was

calculated from the difference between the incoming energy to the cell by

mass flow and the sum of the outgoing energy from the cell by mass flow

and to the matrix by convection.
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1) hot side

j+1

j 4- 4-

+
j-1

i-1 i i+1

direction of hot flow

2) cold side

j+i

4
j -- -

f
j-1

i-1 i i+1

direction of
rotation

direction of
rotation

direction of cold flow

Figure 3-2. Internal Cells
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The state of cell (i,j) was not directly affected by the state of

cells downstream because the governing differential equations do not retain

any diffusion terms. Thei.efore, terms referring to downstream cells are

not included in the difference equations describing the temperatures at time

n+1. Consequently, spatial derivatives must be described by upstream dif-

ferencing methods for each flow direction. Since the evaluation of tem-

perature at time n+1 was based on known values at time n, the difference

equation is in explicit form.

For internal cells the transformation of equation (2-16) and (2-18)

gives the following difference equations for fluid temperatures:

n+1
Tfc 1,j - Tfc 1,j

+ kTfc ,j Tfc 1-1,J

on l of

+ k2 Tfc 1,j Tfc 14-1
06

n+1 n n n
Tfh 1,1 - Tfh 1,j

k 6
Tfh 1+1,1 Tfh 1,1

An of

n n
k3 (T: i,j - Tfc j) (3-1)

Tfh 1,J Tfh 1,1-1+ k2 k7 (Tm i,j - Tfh i,j) (3-2)
De

Rearranging and multiplying both sides by nn, we obtain for equations (3-

1) and (3-2) the expressions

n+1
cold: Tfc

n n n
"Tfc 1,1 + oTfc 1-1,1 + "aft 1,1-1

AcTm 1,1 . (3-3)



hot:

where

n+1
Tfh 1,j aTfh i,j + PTfh 1+1,j + lTfh 1,j-1

An

8 kl--
Ae

On
/ k2

Ae

An
k6__

Ae

Ah k7Aq

AC k3"
ki - 1. -
a - 1.

n+ AhTm 1,j

ry Ac
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. (3-4)

Difference equations for the cells adjacent to the separating walls

in Figure (3-3) can be written as follows:

cold: Tfc
n+1

1,1 - lerfc 1,1 + 6Tfc -1,1 + 'yTfh i,NJ

+ AcTm 1,1 . .. (3-5)

hot :
n+1

Tfh i, NJ 1, NJ + PTfh 1, NJ
2 +1 2 +1

n n
+ /Tfc i,NJ + AhTm i,NJ

2 2 +1

where NJ is the maximum of index "f. Carry-over through the separating

wall gives the index, h, to the third term in the right side of equation

(3-5) for the cold fluid and the index, c, to its equivalent in equation

(3-6) for the hot side.

(3-6)



43

Entering temperatures of the cold and hot fluids being 0 and 1, re-

spectively, difference equations for the cells at the entrances, as shown in

Figure (3-4), are:

cold: Tfcn+11,i

hot :

gTfc 1,j + 'yTfc 1,j-1 + AcTm 1,j

n+1
Tfh NI,j aTfh NI,j + Q + 'lTfh NI,j-1

(3-7)

+ Ahlm NI,j . (3-8)

where NI is the maximum of index "i".

Difference equations for cells adjacent to the walls at the en-

trances, as shown in Figure (3-5), are

cold:

hot:

n+1
Tfc 1,1 "Tfc 1,1 + ITfh 1,1,NJ

n

AcTm 1,1 (3 -9)

n+1
Tfh NI,NJ

+1 2
aTfh NI,NJ

+1 2
+ P + Tfc NI,NJy-

+ AhTm NI ,NJ .(3-10)
2 +1
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Matrix Temperatures

Using the same argument as for fluid temperatures, upstream dif-

ferencing was used for the derivatives describing heat transport due to

matrix rotation in equations (2-17) and (2-19). The spatial difference and

convection terms are presented in terms of their values at time level n+1.

If fluid temperatures are evaluated prior to the matrix temperatures, they

are already known values. Thus, the backward differencing method in

time gives an implicit equation for matrix temperatures with unknown val-

ues of matrix temperatures at time level n+1, and with known values of

fluid temperatures at time level n+1 and of matrix temperatures at time

level "n". The implicit method was used because iteration was needed to

meet the periodic boundary condition, arising from the device shape, at ev-

ery time level.

Using the same methods as for the fluid temperatures, equations

(2-17) and (2-19) are transformed as follows:

n+1 n+1 n
cold: - 7mTm i,j_i + #Tm i,j Tm i,j

n+1
+ vcTfc 1,j

n+1 n+1 n
hot: - 7aTm i,j_i + xTm i,j - Tm i,j

where

7a

vc

vh

6t1
= k4 -

AA

n+1
+ vhTfh 1,j

. ( 3-11 )

. (3-12)
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Computation Order

The above procedures yield all of the equations necessary to evalu-

ate the temperature profiles in the regenerator. To advance to the next

time level, n+1, fluid temperatures were first evaluated with known values

at time level n. The evaluation of fluid temperatures was simultaneously

started at the cell adjacent to the wall at the entrance of each side, fol-

lowing the circumferential flow to the cell adjacent to the other wall on

the same side. After the temperatures of the cells at identical axial posi-

tions (columns) at time level n+1 were obtained, the succeeding column of

cells along the axial flow direction of each side were evaluated until the

temperatures of all the cells were obtained. This procedure is diagramed

in Figure 3-6.
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Since equations (3-11) and (3-12) for the matrix temperatures are

implicit at time level n+1, a system of linear equations developed from

these equations must be solved simultaneously. These equations include

one column index, i, and thus the-matrix temperatures were evaluated col-

umn by column

Step-by-step computational procedures are presented below, followed

by the flow charts for these procedures (see Appendix D).

1) Input data.

2) Calculate constants.

3) Print out constants and initial temperatures.

4) Generate matrix, U, for the matrix temperature using equations

(3-11) and (3-12).

5) Evaluate the fluid temperatures at each entrance with equations

(3-9), (3-10), (3-7), and (3-8) in that order, following ma-

trix rotation.

6) Evaluate fluid temperatures at cells adjacent to the separating

walls adjacent to the entrances using equations (3-5) and

(3-6).

7) Evaluate fluid temperatures for the cells in the second column

using equations (3-3) and (3-4) in that order, following ma-

trix rotation.

8) Repeat the procedures in steps 6 and 7 for succeeding columns

along each axial flow direction, evaluating fluid temperatures.

9) Generate the right hand side for matrix temperatures at column

one (i =1) with known values of the fluid temperatures at

time level n+1, using equations (3-11) and (3-12).

10) Evaluate the matrix temperature for column one.
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11) Repeat the procedures in steps 9 and 10 for successive

columns for matrix temperatures.

12) Calculate the mean of the outlet fluid temperature on the cold

side.

13) Check for steady state. If steady state is not achieved, repeat

step 5 and select the next time level, after printing out fluid

and matrix temperatures at each cell and the mean of the

outlet temperature at the given time level.

14) If steady state is achieved, print out temperatures at each cell

and the mean of the outlet temperature at the given time

level.

15) Stop.

Description of input variables.

NSIG: Signal to print out the initial values. When NSIG=2, the

initial values are printed out.

NX: Number of columns.

NJ: Number of rows.

DET: Length of time interval.

NT: Print out once every NT time levels.

NO: Maximum number of print out.

EP: Criterion for steady state. The difference in temperature

between each time interval is should be less than this

constant.

UTN: Number of heat transfer units, NTU.

AI: Ratio of the circumferential velocity of fluid to that of the

matrix, a.

VAST: (hA)*



51

RDCC: Cc/Cmin

RDCH: Ch/Cmin

RCMP: Cm/of

CBHAB: iZ

TFCOO, TFCO2, TFHI, TFCI, and TMI: Initial values. These are

zero when the system starts at time 0.

Analysis of Error

In this section the local error for the system of difference equa-

tions developed in this paper are described and a numerical system for the

evaluation of transient matrix temperatures at the separating wall is pre-

sented. The capabilities of this system will be examined by testing for

stability.

To avoid repetitious writing of the complicated difference equation

(3-1), a linear operator, G, is defined, relating a variable to its differ-

ence at points nn, f i ,5j, with given time and spatial intervals, an,

and Ag.

n+1
-

1 1
C440,44,Ae<Y(nn,i,5

Y ,i y ,ij)) + k1
Yi,j Y1-1,j

An

where wyn is

be rewritten as

Y
+ k2

i,j n
- Yi,i-1

kgi,i
A6

arbitrary variable. Difference equation (3-1) may then

GAn00,,A6(Tfc(nn,i,i5j)) - k3 Tm i,j (3-13)
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ti

Letting T be the exact temperature, the error (E fc) in the cold fluid tem-

perature is

efc -Tfc Tfc
Applying the operator, G, to this error gives

GAn,Ae4,5(efc(nn,i,5j)) m G604,e,A5(Tfc(en,ni,5j))
GA,I,A,A4(Tfc(n,ni,i3j))

Expanding the first term on the right-hand side, applying a Taylor series

to the resulting terms, and substituting equation (3-13) for the second

term, we obtain
....

aTfc n 8GA,I,A,Aii{efe(nn,fi,ej)} - 1-4c n
I84 I

1.,i
+ ki

.9 1,j

ma,

aTfc n -n+ k2 -74-114 + k3 Tfc 1.4 0(Afri-A+Aii,) k3 Tm i,j

With reference to differential equation (2-16), the sum of the first four

terms on the right-hand side of this equation is equal to

-nk3 Tm i, j.
Expanding the left-hand side, multiplying both sides by lir?, and rearrang-

ing the resulting terms, we get

n+1
efc 1,j IC fc 1,j °eft 1 -1,j lefc 1,4 -1

ACEM i,i + 0(A42+Aqb.4+An4:0;) . (3 -14)

The same method, for the error of the hot fluid temperature, yields

n+1
efh 1, j .10(efh 1, j PEfh 1-1,j lefh 14-1

+ Ahem i,j + 0(002+AqA+AtIA715) . (3 -15)
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The first four terms on the right-hand side of equations (3-14) and

(3-15) describe the contribution of the errors at the time level, n, to those

in the next time level. The last terms express the error arising from the

approximation of the original differential equation by difference equations;

this error is of the order (b. n 2 +n n n +b, n Aii ). Thus, the local error in

the fluid temperature, when advancing one time step, is of the order

(A02+At/A+Aqiiii).

To apply the same method used for the fluid temperatures to the

matrix temperatures, the linear operator, F, is defined as

n+1 n n+1 n+1
Y 1,j Yi,j 171,J Iri,j-1Filo,b05{YOrn,i,gi)) - + k4

Aq Ag

n+1+ k5 Yi,j.
The equation for the matrix temperature on the cold side in the preceding

step is

FA,,,,603(Tm( lin, i ,iii )) - k5 44c4i,j . (3-1 6 )

The error, m, in the matrix temperature is
.a

c = T - Tm m m
Applying operator, F, to m, we have

F An,Ao(em(qn,i,cij)) - FA,,,AefTm(an,fi,gi))
- FAn,AefTm(qn,i,gj)) (3-17)

Applying a Taylor series to the first term on the right-hand side, using

the same method described for the fluid temperature, and substituting

equation (3-16) for the second term, we obtain
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aTm n+1 aTm n+1
F + k4

an i,j ae i,j+1
+ k5 Tm i + 0(Ati+..5) - k5 Tfc

n
i+,j .(3-18)

With reference to equation (2-17), the sum of the first three terms on the

right-hand side is equal to

i-n+1k5 Tfc 1,j.
Expanding the left- hand side, multiplying both sides by 6 q, and rearrang-

ing the resulting terms, we get

n+1 n+1 n n+1
"rem i,j-1 ifj Em ipj °Ofc 1,j

+ 0(0q2+AtrAii) . .(3-19)

Using the same method described for the cold side, we obtain a

similar equation for the matrix temperature of the hot side.

n+1 n+1 n n+1
"rem 1,j-1 + xEm 1,j 6m 1,1 + vhefh 1,j

+ 0(4002+A/7A-4i) . . (3-2 0)

The first terms on the right-hand side of equations (3-19) and (3-20)

represent the contribution of the error at the time level, n, to that at the

next time level. The second terms of the same equation are the error in

the fluid temperatures at time level, n+1, which were evaluated in advance.

The last terms of these equations express the error arising from the ap-

proximation of the differential equations by the difference equations is of

the order Coo 2+Alio:e). Thus, the local error of the matrix temperature,

in advancing one time step, is also (A n 2+0

It is convenient to combine and write equations 3-14) and (3-15) in

vector form as
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n+1 n n+1Ff Hif + A Fin + ( 3-21 )

where H = coefficient matrix

A = a h for hot side and A c for the cold

f and im = the error vectors

of = error source vector.

For equations (3-19) and (3-20), we can have

n+1 n n+1 n+1
B im + v Ff. + Em ( 3-22 )m

where B is the coefficient matrix and v is vh for hot side and v for the

cold.

When equations (3-21) and (3-22) are examined, the error of one

time step is seen to propagate to the succeeding time steps in two ways.

One is the direct propagation to the error in the same medium and the

other is the propagation to the error in the other medium and feed-back to

the error in the same medium two time steps later. To achieve stability

in this numerical system the error which occurs at a certain time step

must not be amplified by successive manipulations.

Therefore, it is a sufficient and necessary condition of this system

that we consider error propagation through the two different forms. The

complex nature of these equations precludes obtaining a sufficient and nec-

essary condition in a visible form, but rather causes the incorporation of

the necessary condition that the magnitudes of the largest eigenvalue of the

matrix, H, and that of the inverse matrix, 13-1, cannot be greater than 1.

This will prevent an error propagated in the same medium from being

amplified by successive manipulations.
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With reference to Gerschgorin's disc theorem [cited in 41], the

magnitude of the maximum eigenvalue of the inverse matrix, B-1, is al-

ways less than or equal to 1. This condition on the eigenvalue and the

disc theorem give

0 <ah/2 +p +7 < 1
<Aci2 + 6 + <1 (3-23)

The second condition for stability originates from the physics of

heat transfer. It is not physically possible for the fluid temperature to

have a value less than zero when cx or ,, or both, are less than zero.

This condition produces stability.

h + p + 7 < 1

Ac + 7 <1 . . (3-24)

In a real situation the parameters in conditions (3-23) and (3-24) are non-

negative. The combination of these conditions yields one necessary condi-

tion for stability.

0 + p + 7 <1
0 <Ac + 6 + < 1 . . (3-25)

Using the numerical system of equations (3-3) through (3-12), we

can evaluate the transient and steady state temperature distributions in the

regenerator. However, the system has a defect in that the temperatures

at the boundaries cannot be evaluated. Neither can the matrix temperatures

at the separating wall be evaluated, although fluid temperatures could be

evaluated if the cell system were chosen with the center of the boundary

cells actually at the wall. Other finite difference equations were tried in

order to produce both transient and steady state matrix temperatures at the

wall but, as demonstrated in the following example, they proved to be un-

stable.
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To express the difference equations for the matrix temperature at

the wall, the temperature of a cell must be expressed in terms of the

temperatures at the boundaries of the cell instead of that at the center. If

the temperature of a cell is expressed by the average of the temperatures

at two boundaries of the cell, the difference equations may be written as

follows.

cold:

hot:

n+1 n+1
"laTm 1,j-2 (l+vc)Tm 1,j-1

n n n+1
Tm i,j_i + Tm i,j + Si,j

+ (1+7a+vc)Tm
n+1

n+1 n+1 n+1
7aTm 1, j-2 + (l+wh)Tm i,j_i + (1+ia+vh )Tm j

n n n+1
Tm i,j_i + Tm i,j + Si,j

where Si,i represents a source term which is the corresponding fluid tem-

perature. Applying the same argument for these equations as used in

equations (3-11) and (3-12), error equations are obtained as follows:

cold:

hot:

n+1 n+1
-7aem 1,j-2 + (l+vc)em 1,j-1 +

Em 1,j-1
n n+1

+ em + em

n+1 n+1
-laem 14-2 (1-"h)em i,j-1

11+1
(1+7a+vc)em i,j

n+1
(1+7a+vh)em

n n n+1
em 14-1 + Em em

where em j is the error source term, including the error due to inexact

fluid temperatures and to the approximation of the differential equations by

difference equations. Rewriting these two equations in vector form we

get
_n+1 _n _n+1

Mem i Dem i + em

where M and D are the corresponding coefficient matrices.
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If the product of the largest eigenvalues of the matrix, D, and of

the inverse matrix, M-1, is greater than 1, this numerical system is unsta-

ble. The magnitude of the largest eigenvalue of the matrix, D, is less than

or equal to 2 by the disc theorem. In accordance with this theorem every

eigenvalue of the matrix, M, is not greater than 2 regardless of the mag-

nitudes of 1a, v c, and vh. Consequently, the product may be greater than

1 and thus the stability of this numerical system cannot be guaranteed.
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CHAPTER IV

RESULTS OF COMPUTATION AND DISCUSSION

When the parameters in equations (2-16) to (2-19) were combined a

number of problems became apparent. The principal problem, using the

FORTRAN language on a Zenith PC, was that as much as 5 to 10 hours of

computing time were required to obtain a set of steady state temperature

distributions. Consequently, the following set of special conditions were

selected to simplify as well as illustrate a sample problem measuring re-

generator performance:

1) the device is composed of two sections of equal size (S* = 1);

2) Fluid flows are in balance (Ch /Cc = 1);

3) Convective thermal resistance for each side is equal

((1A)* = 1);

4) The matrix is composed of commonly available stainless steel

components;

5) The fluid on each side is air;

6) The ratio of the equivalent heat capacity of the matrix to that

of the interstitial fluid, dmief, at a porosity of p = 0.8, is

approximately 900;

7) The size of the device, expressed in NTU, is set at values 1,

5, and 10;
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8) The ratio of the circumferential velocity of the fluid to that of

the matrix, a, is set at 0.0 and 0.6 to investigate the effect

of leakage on temperature distributions;

9) The ratio of the heat capacity rate of the matrix to equivalent

convective thermal resistance, which is the nondimensional

rotation speed, n, is set at values of 0.25, 0.5, 1, 2, 4, 6,

and 8;

10) The spatial increments, A e and AO, are set at 0.1.

(incremental settings of less than 0.1 required computing time

in excess of 10 hours for one set of results; when DO was

set at .05, with NTU = 5 and II = .25, the mean outlet tem-

perature on the cold side showed an increase of approxi-

mately 3% at steady state);

11) The time interval, An, is selected to assure numerical sys-

tem stability; in the numerical systeni used in this study the

time interval setting must be brief enough to satisfy condition

(3-25) in order to produce stability. In actual computation,

more than 200,000 time steps were required to reach a steady

state condition.

Sample Problem Discussion

Computation results in the form of tables and plots are displayed in

Appendix. Figures B-1 through B-18 and Tables C-1 through C-18 present.

the transient and steady state temperature distributions for NTU = 5 with

the nondimensional rotating speed of the matrix, fl, set at values of .25, 1,

and 6. Temperature distributions at axial positions corresponding to .05,
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.55, and .95 are presented along the nondimensional circumferential posi-

tion, 6, and those at nondimensional circumferential positions correspond-

ing to .25 and .75 are presented along the axial position. The solid lines

in the graphs represent temperatures of the fluids and the dotted lines in-

dicate those of the matrix. In Figure B-19 and Table C-19 steady state

temperature profiles of the fluids are given for NTU = 5 along the cir-

cumferential position at various nondimensional rotation speeds of the ma-

trix. Steady state temperature distributions for NTU = 10 are presented

in Figures B-20 to B-25 and Tables C-20 to C-25, and those for NTU = 1

in Figures B-26 to B-31 and Tables C-26 to C-31.

The transient effectiveness for NTU set at 1, 5, and 10, which is

the mean of the transient fluid temperature at the outlet of the cold side,

are shown, respectively, in Figures B-32 through B-34 and Tables C-32

through C-34. The steady state effectiveness for NTU set at 1, 5, and 10

are shown in Figure B-35 and Table C-35 as a function of the nondimen-

sional rotation speed, 11.

Effect of Carry-Over

To investigate parametric effects, the coefficients of each term in

equations (2-16) to (2-19) were considered in terms of their relationship

to each parameter and the role of each term. The third terms of the dif-

ferential equations for the fluid temperatures represent heat transport by

the circumferential fluid flow, taking into account the effect of carry-

over. Thus, comparing the magnitude of their coefficient, k2, with those

of other coefficients indicates the relative nature of the effect. The

magnitudes of the coefficients of the right hand side terms in equations

(2-16) to (2-19) should be identical, because the amount of heat trans-
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ferred between the two media are the same. This was obtained by multi-

plying both sides of equations (2-17) and (2-19) by Em/Ef. The magni-

tude of the coefficients for the sample problem solved in the study, with

the values NTU = 10, iZ = 1, and a = 0.6, are shown in Table 4-1.

Table 4-1. Magnitudes of Coefficient (NTU - 10, a . 0.6)

k1 k3 k3 k4Cm/Cf kSCm /Cf k6 k7 k8Cm/Cf

45 .096 900 143.3 900 45 900 900

In this problem, when compared to others the magnitude of k2 is smaller

by an order of 3. We may conclude that carry-over will not significantly

affect regenerator performance.

To test this prediction the results of problem cases with a = 0.0,

which do not include carry-over, were compared to those of cases with

the value a set at 0.6, which include carry-over. The following tables list

the results of these comparisons. Table 4-2 lists results for cases set at

the value NTU = 5 and Table 4-3 lists those for NTU = 10, each indicat-

ing the results for nondimensional rotation speed, fl, the ratio of coeffi-

cient, k2, to coefficient, k1, and the average steady state outlet tempera-

ture of the cold side fluid without carry-over (a = 0.0) and the average

with carry-over (a = 0.6). The percentage of difference between the

quantities in the third and fourth columns is listed in the fifth column.
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Table 4-2. Comparison of average outlet temperature of cold
fluid between a = 0.0 and a - 0.6 (NTU . 5).

Ratio* k2/k1
Tfco

(a =0.0)

Tfco
(a=0.6)

.25 .000265 .5551 .5553 .036
0.5 .000531 .6721 .6723 .03
1. .001061 .7253 .7255 .027
2. .002122 .7486 .7489 .04
4. .004244 .7592 .7586 .053
6. .006366 .7626 .7630 .053

*Heat capacity rate of matrix
resistance.

to equivalent convective thermal

Table 4-3. Comparison of average outlet temperature of cold
fluid between a - 0.0 and a - 0.6 (NTU - 10).

Tfco Tfco
Ratio* k2/k1 (a =0.0) (a -0.6)

.25 .000531 .7212 .7212 .0139

.5 .001061 .7821 .7823 .0256
1. .002122 .8091 .8093 .0247
2. .004244 .8215 .8216 .0122
4. .008488 .8273 .8275 .036
6. .01273 .8292 .8295 .036

*Heat capacity rate of matrix
resistance.

to equivalent convective thermal

These results indicate that carry-over does not significantly affect

the performance of the regenerator. Although the effect of carry-over

was expected to increase with rotation speed, these results suggest that it

does not. This behavior is due to the fact that the amount of energy

transported by carry-over is proportional to the product of the coefficient,

k2, and the differential of fluid temperature in the circumferential direc-

tion. Furthermore, the slope of the temperature in the regenerator de-

creases as the speed of rotation increases.
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Although the effect of carry-over cannot be expressed at this point

in explicit terms, it can be further examined as a variable with the ratio

of k2 to ki, which is (awefS*)/{224(1+S*)}. This would mean that the

ratio of the heat capacity rate of fluid in the circumferential direction to

that in the axial direction, (awZfS*)/{emin(l+S*)}, could be a criterion

for evaluating the effect of carry-over. Further studies should be pursued

to consider cases for which this parameter is significantly large.

Fine spacing in the circumferential direction could provide tempera-

ture variations in much greater detail, more accurately indicating the

carry-over effect on temperatures adjacent to the separating wall. For

the purposes of this study such calculations were not pursued because they

would have required excessive computation time.

Effect of Rotation Speed

In this study all conduction heat transfer was neglected. Thus, heat

is transported principally by the rotation of the matrix from the hot side

of the fluid to the cold. It is clear that over-all effectiveness clearly

should increase as the rotation speed is increased. Effectiveness should

increase rapidly until the rotation speed reaches a certain value, at which

point the rate of effectiveness increase will slow and approach an asymp-

totic value. These trends are clearly indicated in Figure B-35, in which

the values are approximately at fl = 0.9 for NTU = 10, at SI = 1.5 for

NTU = 5, and n = 1.9 for NTU = 1. These values can provide opera-

tional rotation speed limits for a given regenerator in order to obtain op-

timum operational effectiveness. Further study should be undertaken to

obtain detailed results for a broad spectrum of problem cases.
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As shown in Figure B-35, effectiveness increases both the NTU and

the nondimensional rotation speed, 0. A large heat transfer area, A, is

necessary to obtain a large NTU for a device with a given volume and

flow rate. The product of matrix heat capacity, Cm, and dimensional ro-

tation speed, co, must be increased to achieve a large nondimensional rota-

tion speed for a given value of NTU. Thus, any material which may be

formed easily, such as metal alloys or plastic, and has a large heat ca-

pacity, is ideal for the regenerator matrix.

The slope of the temperature profile in the circumferential direc-

tion increases as the rotation speed decreases. The average slope of the

matrix temperature set at values e = .55 with NTU = 5 is .137 at

rz = .25, .0463 at w = 1, and .008 at n = 6.

The matrix temperature patterns indicate some hysteresis when the

rotation speed is low, meaning that the matrix temperature at a given axial

position on the cold side does not track down the same path in the opposite

direction as the matrix is heated up on the hot side. This phenomenon is

shown in Figures B-3, B-20, and B-26. At high rotation speeds, this hys-

teresis effect is minimal, as is shown in Figures B-15, B-22, and B-28.

Transient Temperature Behavior

Figures B-1 and B-4 show the transient temperature profilei for

the case of NTU = 5 and fl = .25 at time, n = 6, prior to the point that

the matrix has experienced one-half a rotation. The temperature differ-

ence between the two media on the hot side reduces along the direction of

the matrix rotation at the entrance of the hot fluid (e = .95). The dif-

ference increases in the direction of the rotation at axial position e = .55

and at the outlet location of the hot fluid, as shown in Figure B-1. The
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explanation for this phenomenon is that the high thermal inertia of the

matrix requires a sufficient temperature difference between the two media

and a sufficient time period to heat the matrix.

The temperature at circumferential position 5 = .45 (Figure B-1),

which is adjacent to the separating wall, was not expected to show an in-

crease before the matrix rotated through one-half of a revolution. How-

ever, a small increase is indicated at this position, a phenomenon which is

due to numerical dispersion. The circumferential space increment, A0,

was set at a high value compared to the time increment, A n, and the di-

mensional matrix rotation speed, (.0. Computation time requirements

placed a restriction on choosing a spatial increment as large as 0.1 and the

time increment had to be maintained on the order of 10-4 to maintain the

stability of this numerical system. If the rotation speed were set at

1/sec, angular displacement for one increment of time would be of the or-

der of 104. Thus, the medium in the circumferential position 0 = .05

has no thermal effect at one time increment in the real situation. How-

ever, a thermal effect is indicated in this computation system because the

effect is dispersed over a circumferential increment.

As was expected the transient temperature profiles at n = 6 for the

case of NTU = 5 and 0 = .25. in Figure B-1 show a steeper slope in the

circumferential direction than those for 0 = 1 in Figure B-7. The aver-

age temperatures on the cold side are higher for n = 1 than for ft = .25.

However, the averages for 0 = 1 are lower on the hot side than those for

ft = .25. The reason for this phenomenon is that a system with higher

rotation speed, i.e. the coefficient, k4, set at a high value, has more heat-

transport capability from hot fluid to the cold.
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Although a system with a high rotation speed can extract heat from

the hot fluid more rapidly than one with slower speed, it takes longer for

the faster system to reach steady state. In this study since the main ther-

mal inertia of the system is contained in the matrix, the system will reach

steady state depending on whether or not the matrix reaches this condition.

According to equations (2-17) and (2-19) the thermal inertia of the matrix,

represented by k4, increases as the rotation speed increases.

Comparison With Other Results

The steady state effectiveness obtained in this study was compared

to the results obtained by Lambertson [32], who used a finite difference

method. In this study the parameter representing matrix rotation was the

ratio of the matrix thermal capacity rate to the equivalent convective ther-

mal resistance. In Lambertson's study the equivalent parameter was the

ratio of the matrix thermal capacity rate to the fluid heat capacity rate

and, in order to compare results, it was necessary to transform Lambert-

son's parameter into the form used in this study. In this study effective-

ness was not evaluated at the actual exit of the cold fluid. Rather, the

values were calculated at points inside the device by a half-cell size,

e = .95. Linear extrapolation has been used to obtain values at the termi-

nal points, e = 1 and Tables 4-4, 4-5, and 4-6 are included in order to

compare the results of this study with those of Lambertson for the cases

of NTU = 1, 5, and 10.

In this study effectiveness values are smaller by approximately 13%

than those presented by Lambertson [39]. However, the accuracy of the

results of the former have yet to be determined by experiment. The fol-

lowing suggestions should determine accurate results:
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1) To obtain the exit temperature without extrapolation, select a

point at the center of the cells at the actual exit of the de-

vice.

2) Select circumferential increments, AO, smaller than 0.1 to re-

duce numerical dispersion and truncation error.

3) Apply numerical acceleration for conditions as close to steady

state as possible in order to rapidly obtain accurate steady

state temperature profiles. Presently, the numerical system

used in this study converges quickly in the early stages, but

as the steady state is approached it is very clumsy.

Verification of the Validity of Computation Results

The boundary condition of the problem proposed in Chapter II does

not require continuity of fluid temperatures at the separating walls, but it

does require the continuity of the matrix temperature. However, boundary

temperatures were not evaluated in this study and it is thus necessary to

verify that the matrix temperatures computed in this study satisfy the con-

tinuity condition, which is that the matrix temperature reflects a unique

value at a point on the separating walls.

The general shape of matrix temperature plottings (see Figures B1-

B3, B7-B9, B13-B15, B20-B22, and B26-B28 in Appendix B) indicate that

the matrix temperature curves extrapolated in the circumferential direction

at an axial point in each side could intersect each other at a point on the

separating walls if sufficiently small increments in the circumferential di-

rection were used.

Extrapolation of the matrix temperature profiles on each side will

yield the values of the temperature at the walls. An extrapolation with
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only five values for each side does not yield sufficiently accurate values

on the separating walls during cases of slow rotation speeds because the

temperature variances on the back side of the walls (i.e, on the side op-

posite to the direction of matrix rotation) are marked. The temperature

profile, however, is almost linear in the case of NTU = 10 and 12 = 6. In

this case the matrix temperatures at = .55 in each side were extrapo-

lated to the separating walls in the direction opposite to each other and

two identical values (difference less than 1%) at a point on the walls

were obtained. We may conclude that the results computed in this study

are valid for the proposed problem.
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Table 4-4. Effectiveness for the case with NTU - 1.

0

Results in This Study

-0.5 -1 -2 -4 -6

f-0.95 .2655 .3688 .4288 .4547 .4625
f-1.0 .2786 .387 .4497 .4774 .4854

Lambertson's Results

n -1.57 -1.996 -2.36 -3.14 -4.71 -7.85

f-1.0 .4665 .4779 .4845 .4912 .496 .4985

Table 4-5. Effectiveness for the case with NTU - 5.

Results in This Study

0 -.25 ..0.5 -1 -2 -4 -6 -8

E =0.95 .5551 .6721 .7253 .7486 .7592 .7626 .7642
E =1.0 .5808 .7032 .7601 .7850 .798 .8007 .8024

Lambertson's Results

n -.3242 =.3927 -.4712 ...6283 -.9425 ..1.571

f=1.0 .7375 .7723 .7907 .8086 .8217 .8333

Table 4-6. Effectiveness for the case with NTU - 10.

Results in This Study

0 -0.5 -1 =2 -4 -6

E -0.95 .7211 .7821 .8091 .8215 .8301
E =1.0 .7529 .8183 .8484 .8623 .8717

Lambertson's Results

a ...1517 -.1963 -..2356 =.3142 -.4712 -.7854

f=1.0 .8115 .8510 .8694 .8860 .8979 .9045
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CHAPTER V

CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

In this study a model was formulated to evaluate transient two-

dimensional temperature profiles in a rotary heat regenerator, including the

effect of carry-over on over-all effectiveness. Lengthy computation time

requirements prevented obtaining results for a broad spectrum of parame-

ters and further prevented running the numerical system in smaller grid

sizes. The explanation for the excessive computer time is as follows:

Two media with thermally different properties were in a control volume.

The fluid had a low heat capacity, while the solid matrix had a high heat

capacity. The time interval was confined to short increments to keep the

fluid temperature positive in order to achieve a stable condition (equation

(3-24)). However, the system did not reach a steady state until the solid

matrix with high thermal inertia reached stability.

Suggestions for further research include the following:

1) To obtain mixing rates develop a computational scheme for fluid

continuity equations (2-3) and (2-4).

2) Adjust the finite difference grid to the actual exit of the device

in order that the exiting effectiveness is achieved without

extrapolation.

3) Measure the effect of numerical dispersion on the accuracy of

the results by using smaller grid size in the circumferential

direction.
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4) Investigate the possibility of developing a numerical system to

obtain matrix temperatures at the separating wall.

5) Solve problem cases which have significantly high values of the

parameter atoefS*/ emin(l+S*)} , which includes the carry-

over effect. An alternative criterion could be the ratio of

the heat capacity rate of fluid moving in the circumferential

direction to the heat capacity rate of matrix, aCf/Cm.

6) Using a considerably smaller circumferential increment, study

the effect of carry-over on the temperature profiles adjacent

to the separating wall.

7) Determine the sufficient and necessary conditions to achieve

stability using this numerical system presented in this study.

8) Determine the material which will provide optimum properties

for fabrication as the matrix.

9) Using various combinations of the parameters in equations

(2-16) to (2-19), solve problem cases over a broad spectrum

of parametric values.

10) Formulate a model to obtain velocity and temperature profiles

when a pressure difference exists between the two sides.

To determine the effect of friction between each fluid and

the matrix as a function of velocity, proper assumptions will

be required to obtain the differential equations describing the

velocity profile. Similarly, to determine pressure distribution

in the regenerator an additional set of assumptions will be

required.
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APPENDIX A

FORTRAN PROGRAM

$NOFLOATCALLS
C THIS PROGRAM IS TO ACHIEVE THE PERFORMANCE OF ROTARY
C REGENERATOR WHEN CARRY-OVER IS CONSIDERED
C DECLARATION * * * * * * * *

IMPLICIT REAL * 8(A- H )
IMPLICIT REAL*8( 0 -Z)
REAL*8 KAP
INTEGER NX,NN J ,NJ MK ,NNX,NJ J ,NM( 1 0 ) ,NO , MD ,NSIG
DIMENSION TMI( 10 ,4 0),TFC( 1 0 ,20),TFCI( 10 , 20 ),

1TFH(10,20),TFHI(10,20),B(40),AC(40),RH(40)
COMMON NX,NJ ,NNJ ,NNX,NJ J ,NJ I ,NM

C OPEN FILES * * * * * * * *

OPEN( 2 ,FILE= ' IP' , STATUS= 'OLD' )
OPEN( 6 ,FILE=' OP' ,STATUS='OLD' )
OPEN( 3 ,FILE= ' IPP , STATUS= 'OLD' )
OPEN( 7 ,FILE= 'OPO' , STATS= 'OLD' )

C INPUT PARAMETERS AND INITIAL VALUES * * *
C INPUT # OF MESHES ( NX,NJ), TIME INTERVAL(DT), # OF
C TIME LEVEL(NT), MK, NT ,CRITERIA FOR STEADY STATE
C

READ( 2 , * ,END= 1 ) NSIG,NX,NJ ,DET,NT,NO,EP
NNJ =NJ *2

C INPUT PARAMETERS * * * * * *

READ( 2 , * ,END= 1 ) UTN,AI,STR,HAST
READ(2 , * ,END= 1 ) RDCH ,RDCC,RCMF ,CBHAB , CC

C INPUT INITIAL VALUES * * * * *
READ( 3.* ,END= 1 ) TFC00 ,TFCO2,TIME
READ( 3 , * ,END=1 ) ((TFHI(I,J ) , I =1 ,NX) , J ,NJ )
READ( 3 , * ,END=1) ((TFCI(I,J ) , 1 ,NX), J ,Nj )
READ( 3,*,END=1) ((TMI(I,J ),I=1 ,NX),J =1 ,NNJ )
GO TO 9

1 WRITE( * , * )* THE END OF FILE'
STOP

C

C CALCULATE CONSTANTS
9 TFHEE=1.

TFCEE=0.
DX=1./NX
DTH=.5/NJ
NNX=NX+1
NNJ=2*NJ
NJJ=NJ+1
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NI J -NNJ - 1
NJI=NJ-1
KS-0

C

DO 203 I=1 ,NX
NM(I)=I

203 CONTINUE
C

BETA=RDCH*RCMF*DET/ (UTN*DX*( 1 . +STR) )
GAM=AINCBHAB*DET /(DTH *6.283185308)
DELTA=RDCC*RCMF*STR*DET/ (UTN*DX *( 1 . +STR))
RAM H -(1 . + HAST) I. RCMF *DET / ( 1 . +STR)
RAMC=( 1 . + HAST)*RCMF *DET*STR / (( 1. +STR)* HAST)
ALP=1. -BETA -GAM -RAMH
KAP=1. -DELTA-GAM-RAMC
AGAM =GAM /AI
RNUH=RAMH / RCMF
RNUC=RAMC / RCMF
PI =1. +AGAM+RNUC
CHI=1.+AGAM+RNUH
CEF =RDCC of DET

C WRITE CONSTANT AND INITIAL VALUES TO CHECK *
WRITE(6,100) NX,NJ ,NT,DET,EP,NO

100 FORMAT( / 3X, 'NX = ' ,I3,3X, 'NJ = ' ,I3,3X. 'NT = ' ,IS, / 3X,
1 'DET = ',F10.7,3X,'EP = ',F9.8,3X,'NO = ',I5)

WRITE(6,101) UTN,AI,STR,HAST
101 FORMAT( / 3X,' NTU = ',3X,F15.10,3X,' A = ',3X,F5.3, / 3X,

1' S* = ',F8.3,3X,' (hA)* = ' ,F8. 3)
WRITE(6,102) RDCH ,RDCC ,RCMF , CBHAB, CC

102 FORMAT( / 3X,' Ch / Cmin = ' ,F8.3,3X, ' Cc / Cmin = ' ,F8. 3 ,
1 / 3X,'CMB/CFB = ',F15.3,3X,'CMBD/(hA)B = ',F15.5,
1 / 3X,' CC = ',F15.5)

WRITE(6,103) BETA,GAM,DELTA,RAMH ,RAMC
103 FORMAT( / 3X, ' BETA = ' ,F9. 6,3X, 'GAM = ' ,F9.6,3X, 'DELTA

1= ',F9.6,3X,'RAMH = ',F10.4,3X,'RAMC = ',F10.4)
WRITE(6,104) ALP ,KAP

104 FORMAT( / 3X, ' ALP = ' ,F9.6 ,3X , 'KAP - ',F9.6)
WRITE(6,105) AGAM,RNUH ,RNUC

105 FORAMT( / 3X, ' AGAM = ' .F9.6 ,3X, ' RNUH = ' ,F10. 6 ,3X,
1 'RNUC = ',F10.6)

WRITE(6,106) PI ,CHI ,CEF
106 FORMAT( / 3X, 'PI = ' ,F9.6 ,3X, 'CHI = ' ,F9.6,3X.'CEF = ' ,

1F10.7)
C

IF(NSIG.EQ . 2 ) THEN
WRITE(6,111)

111 FORMAT( /' * * * INITIAL VALUES * * Jo)
CALL TW (TF HI ,TFCI ,TMI ,EFF1 )
END IF

C GENERATE LEFT HAND SIDE COEFFICIENT FOR MATRIX TEMP. *
C =GAM

DO 300 J=1,NJ
B( J )=PI
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ELSE
HRT=RNUH*TFH(NXI,J -NJ )
END IF
RHO )=(TMI(I,J )+HRT+RH(J -WC) / BO )

304 CONTINUE

TMI(I,NNJ )=(TMI(I,NNJ )+RNUH*TFH(NXI , NJ )+RH (NI J )*C
1 /(B(NNJ )+AC(NIJ )*C)

DO 305 J=1,NIJ
IN J .NNJ -N
TMI(I,INJ )=RH(INJ )- TMI(I,NNJ ) * AC( INJ )

305 CONTINUE
310 CONTINUE

C EVALUATE EFFECTIVENESS AND STEADY STATE
SSUMH =0
DO 1010 J=1,NJ
SSUMH=SSUMH+TFC(NX,J )

1010 CONTINUE
TFCO2=SSUMH / NJ
TFC00=TFC00+ (TFC01 +TFCO2)* .5
IF(TFCO2. GT.. 5)THEN
EPP=TFCO2-TFC01
IKEPP .LT.EP ) THEN
KS=1
GO TO 1999
END IF
END IF

C TRANSFER VALUES TO PREVIOUS STEP
DO 501 I=1,NX
DO 502 J=1,NJ
TFHI(I,J)=TFH(I,J )
TFCI(I,J )=TFC(I,J)

502 CONTINUE
501 CONTINUE
1000 CONTINUE

C PRINT OUT* * * * *
1999 WRITE(6,118)
118 FORMAT(//' * * * *9

WRITE(6,117) TIME ,TFCO2
117 FORMAT(/ 3X, 'TIME IS ' ,F10.6,3X, 'TFCO2 = ',F10.4)

EFF=CEF"TFC00 /TIME
CALL TW(TFH ,TFC ,TMI ,EFF)
IF(KS.EQ. 1 )THEN
WRITE( 6 , * ) ' STEADY STATE OBTAINED'
WRITE( * ,*)'STEADY STATE OBTAINED'
STOP
END IF

C

1001 CONTINUE
WRITE(7 , * )TFC00 ,TFCO2 ,TIME
WRITE(7,* )((TFH(I ,J ),I=1 ,NX),J =1 ,NJ )
WRITE( 7 , * )( (TFC( I , J ) , I =1 ,NX) , J =1 ,NJ )

*
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APPENDIX B

SAMPLE PROBLEM FIGURES
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Figure 8-1. Transient Temperature Distribution at n = 6
for NTU = 5, SZ = .25, and a = O.
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Figure 6-2. Transient Temperature Distribution at n = 12
for NTU = 5, CZ= .25, a = 0.
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Figure 6-3. Steady State Temperature Distribution for
NTU = 5, Q = .25, a = 0.
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Figure B -4. Transient Temperature Distribution at n = 6
for NTU = 5, S2= .25, and a = 0.
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AXIAL POSITION

+ : matrix

1 : 0 = .25 2 : 0 = .75

Figure B-5. Transient Temperature Distribution at n = 12
for NTU = 5, S2 = .25, and a = 0.
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Figure B-6. Steady State Temperature Distribution for
NTU = 5, Q = .25, and a = 0.
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for NTU = 5 , Q= 1 , and a = 0 .



91

. fluid

CIRCUMFERENTIAL POSITION
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Figure B-8. Transient Temperature Distribution at n = 12
for NTU = 5, c= 1, and a = 0.
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Figure B-9. Steady State Temperature Distribution for
NTU = 5, SZ = 1, and a = 0.
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Figure B-10. Transient Temperature Distribution at n = 6
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Figure B-11. Transient Temperature Distribution at n = 12
for NTU = 5, Q = 1, and a = 0.
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Figure B-12. Steady State Temperature Distribution for
NTU = 5, 2 = 1, and a = O.
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Figure B -13. Transient Temperature Distribution at n = 6
for NTU = 5, Q = 6, and a = O.
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Figure B -14. Transient Temperature Distribution at n = 12
for NTU = 5, S2 = 6, and a = 0.
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Figure B -15. Steady State Temperature Distribution for
NTU = 5, c= 6, and a = 0.
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Figure 8-16. Transient Temperature Distribution at n = 6
for NTU = 5, 2 = 6, and a = 0.
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Figure B-17. Transient Temperature Distribution at n = 12
for NTU = 5, Q = 6, and a = 0.
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Figure B -18. Steady State Temperature Distribution for
NTU = 5, Q = 6, and a = 0.
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Figure 6-19. Steady State Temperature Distribution of Fluid
with Various S/ for NTU = 5 and a = 0 at C = .55.
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Figure 8-20. Steady State Temperature Distribution for
NTU = 10, S-2 = .25, and a = 0.

103



104

0

1 1 I 1 I 1 I 1 I

0.2

. fluid

0.4 0.6

CIRCUMFERENTIAL POSITION

+ + + : matrix

0.8

1 and 2: = .05 3 and 4: = .55 5 and 6: = .95

Figure B-21. Steady State Temperature Distribution for
NTU = 10, Q= 1, and a = O.
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Figure B-22. Steady State Temperature Distribution for
NTU = 10, Q = 6, and a = O.
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Figure 8-23. Steady State Temperature Distribution for
NTU = 10, Q ..25, and a = O.
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Figure B-24. Steady State Temperature Distribution for
NTU = 10, Q = 1, and a = O.
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Figure B-25. Steady State Temperature Distribution for
NTU = 10,52 . 6, and a = 0.
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Figure B-26. Steady State Temperature Distribution for
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Figure 8-27. Steady State Temperature Distribution for
NTU = 1, Q = 1, and a = 0 .
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Figure 8 -28. Steady State Temperature Distribution for
NTU = 1, = 6, and a = O.
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Figure B -29. Steady State Temperature Distribution for
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1 : 5 = .25 2 : = .75

Figure B-30. Steady State Temperature Distribution for
NTU = 1, S2 = 1, and a = 0 .
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Figure B-31. Steady State Temperature Distribution for
NTU = 1, Q = 6, and a = 0.
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Figure B-32. Transient Effectiveness with Various Rotation
Speed for NTU = 1 and a = O.
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Figure B-33. Transient Effectiveness with Various Rotation
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Figure 8 -34. Transient Effectiveness with Various Rotation
Speed for NTU = 10 and a = 0.
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APPENDIX C

SAMPLE PROBLEM TABLES
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Table C-1. Transient Temperature Distribution at n - 6
for NTU - 5, o - .25, and a - 0 along cir-
cumferential positions (TF: fluid tempera-
ture and TM: matrix temperature).

AXIAL POSITION

- .05 4 . .55 - -95

TF TM TF TM TF TM
e-.05 .0273 .0547 .2136 .2639 .4970 .5778
e-.15 .0078 .0156 .0843 .1072 .2419 .2926
e-.25 .0021 .0042 .0295 .0384 .1011 .1260
e-.35 .0005 .0011 .0093 .0123 .0369 .0471
e=.45 .0001 .0002 .0026 .0035 .0119 .0155
e-.55 .0654 .0424 .2754 .1908 .7791 .5582
e-.65 .1404 .0978 .4637 .3644 .8974 .7948
e-.75 .1969 .1418 .5780 .4779 .9465 .8929
e-.85 .2290 .1675 .6346 .5366 .9654 .9308
e-.95 .2436 .1795 .6584 .5618 .9721 .9442

Table C-2. Transient Temperature Distribution at
12 for NTU - 5, 0 - .25, and a - 0

along circumferential positions (TF: fluid
temperature and TM: matrix temperature).

AXIAL POSITION

. .05 - .55 - .95

TF TM

___4

TF TM

_,4

TF TM
e-.05 .0983 .1966 .4941 .5665 .7450 .7998
e-.15 .0384 .0769 .2918 .3477 .5216 .5782
e-.25 .0145 .0291 .1566 .1925 .3277 .3738
e-.35 .0053 .0106 .0771 .0973 .1864 .2180
e-.45 .0019 .0037 .0351 .0453 .0967 .1156
e-.55 .0920 .0647 .3184 .2343 .7990 .5980
e-.65 .2133 .1670 .5274 .4391 .9089 .8177
e-.75 .3460 .2871 .6873 .6118 .9587 .9175
e-.85 .4645 .3995 .7967 .7375 .9812 .9624
e-.95 .5547 .4880 .8648 .8198 .9912 .9825
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Table C-3. Steady State Temperature Distribution (4 -
64.144) for NTU - 5, n - .25, and a - 0
along circumferential positions (TF: fluid
temperature and TM: matrix temperature).

AXIAL POSITION

4 . .05 4 . .55 - .95

TF TM TF TM TF TM
e-.05 .1458 .2915 .6283 .7015 .8411 .8831
e-.15 .0646 .1292 .4428 .5164 .6920 .7464
e-.25 .0286 .0572 .2969 .3593 .5418 .6000
e=.35 .0127 .0254 .1913 .2392 .4065 .4616
e=.45 .0056 .0112 .1195 .1535 .2939 .3416
e-.55 .1588 .1168 .4447 .3618 .8541 .7082
e-.65 .3077 .2534 .6306 .5541 .9354 .8707
e-.75 .4578 .3996 .7654 .7052 .9713 .9427
e-.85 .5931 .5380 .8563 .8133 .9873 .9746
e-.95 .7057 .6580 .9145 .8857 .9944 .9887

Table C-4. Transient Temperature Distribution at q = 6
for NTU - 5, n - .25, and a - 0 along axial
positions (TF: fluid temperature and TM: ma-
trix temperature).

CIRCUMFERENTIAL POSITION

- .25 . .75___a

TF TM

___A

TF TM
4-.05 .0021 .0042 .1969 .1418
4-.15 .0050 .0079 .2521 .1862
4-.25 .0088 .0127 .3182 .2412
4-.35 .0139 .019 .3952 .3080
4-.45 .0206 .0274 .4825 .3870
4-.55 .0295 .0384 .5780 .4779
4-.65 .0412 .0529 .6781 .5786
4-.75 .0565 .0718 .7776 .6856
4=.85 .0762 .0959 .8697 .7930
4=.95 .1011 .1260 .9465 .8929
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Table C-5. Transient Temperature Distribution at n
12 for NTU - 5, 0 - .25, and a - 0 along ax-
ial positions (TF: fluid temperature and TM:
matrix temperature).

CIRCUMFERENTIAL POSITION

Q - .25

TF TM
e-.05 .0145 .0291
e-.15 .0347 .0548
E -.25 .0594 .0842
e-.35 .0882 .1171
E -.45 .1207 .1532
e-.55 .1566 .1925
E -.65 .1956 .2346
e-.75 .2375 .2793
E -.85 .2817 .3260
E -.95 .3277 .3738

___a - .75

TF TM
.3460 .2871
.4050 .3405
.4694 .4001
.5388 .4657
.6119 .5366
.6873 .6118
.7628 .6900
.8357 .7690
.9024 .8460
.9587 .9175

Table C-6. Steady State Temperature Distribution at q
- 64.144 for NTU - 5, n - .25, and a - 0
along axial positions (TF: fluid temperature
and TM: matrix temperature).

CIRCUMFERENTIAL POSITION

- .25 - .75___ft

TF TM TF TM
e-.05 .0286 .0572 .4578 .3996
E -.15 .069 .1094 .5161 .4552
E -.25 .1184 .1678 .5770 .5143
e-.35 .1743 .2301 .6396 .5764
E -.45 .2344 .2945 .7029 .6404
4-.55 .2969 .3593 .7654 .7052
e-.65 .3601 .4233 .8256 .7697
e-.75 .4227 .4853 .8815 .8321
e-.85 .4836 .5445 .9309 .8905
e-.95 .5418 .6000 .9713 .9427
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Table C-7. Transient Temperature Distribution at n - 6
for NTU - 5, o - 1, and a - 0 along circum-
ferential positions (TF: fluid temperature
and TM: matrix temperature).

AXIAL POSITION

- .05 4 - .55 - .95

TF TM TF TM

__L

TF TM
e-.05 .0223 .0445 .1983 .2516 .5754 .6965
e-.15 .0154 .0309 .1614 .2068 .4976 .6084
e-.25 .0106 .0212 .1288 .1666 .4233 .5229
e-.35 .0071 .0142 .1001 .1307 .3519 .4394
e=.45 .0047 .0093 .0753 .0993 .2840 .3587
e-.55 .0339 .0166 .2132 .1312 .7443 .4885
e-.65 .0462 .0249 .2599 .1677 .7951 .5903
e-.75 .0609 .0352 .3085 .2087 .8355 .6710
e-.85 .0788 .0480 .3587 .2539 .8679 .7358

.e-.95 .0999 .0636 .4098 .3023 .8941 .7882

Table C-8. Transient Temperature Distribution at q

12 for NTU - 5, o - 1, and a - 0 along cir-
cumferential positions (TF: fluid tempera-
ture and TM: matrix temperature).

AXIAL POSITION

4 - .05 - .95

TF TM TF TM TF TM
e-.05 .0523 .1045 .3354 .4049 .6979 .7982
e-.15 .0381 .0762 .2894 .3532 .6327 .7298
e-.25 .0277 .0553 .2474 .3052 .5693 .6623
e -.35 .0200 .0400 .2094 .2612 .5082 .5964
e-.45 .0144 .0288 .1756 .2214 .4500 .5327
e -.55 .0844 .0482 .3537 .2653 .8186 .6371
e-.65 .1095 .0692 .4061 .3124 .8590 .7180
e=.75 .1367 .0919 .4579 .3614 .8903 .7807
e-.85 .1658 .1166 .5082 .4110 .9146 .8293
e=.95 .1965 .1430 .5562 .4601 .9335 .8670
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Table C-9. Steady State Temperature Distribution at q
- 83.85 for NTU - 5, 0 - 1, and a - 0 along
circumferential positions (TF: fluid temper-
ature and TM: matrix temperature).

AXIAL POSITION

4 . .05 4 - .55 - .95

TF TM TF TM TF TM
e -.05 .1115 .2230 .5289 .6050 .8149 .8826
e -.15 .0848 .1697 .4809 .5571 .7702 .8392
e -.25 .0646 .1291 .4346 .5098 .7253 .7952
e -.35 .0491 .0982 .3905 .4638 .6803 .7509
e -.45 .0374 .0748 .3489 .4194 .6357 .7064
e -.55 .1848 .1172 .5467 .4685 .8883 .7766
e -.65 .2294 .1605 .5947 .5172 .9150 .8300
e =.75 .2743 .2044 .6401 .5646 .9353 .87.06
e -.85 .3192 , .2487 .6823 .6100 .9508 .9016
e -.95 .3638 .2931 .7211 .6529 .9625 .9251

Table C-10. Transient Temperature Distribution at 17 -
6 for NTU - 5, 0 = .25, and a - 0 along ax-
ial positions (TF: fluid temperature and TM:
matrix temperature).

CIRCUMFERENTIAL POSITION

A - .25 a . .75

TF TM TF TM
e -.05 .0106 .0212 .0609 .0352
f-.15 .0238 .0370 .0867 .0519
f-.25 .0405 .0573 .1215 .0750
f-.35 .0623 .0840 .1681 .1068
f=.45 .0909 .1196 .2293 .1502
fis.55 .1288 .1666 .3085 .2087
f=..65 .1784 .2281 .4084 .2861
E =.75 .2425 .3067 .5307 .3867
f-.85 .3237 .4049 .6748 .5142
f-.95 .4233 .5229 .8355 .6710
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Table C-11. Transient Temperature Distribution at q
12 for NTU - 5, 0 - 1, and a - 0 along axial
positions (TF: fluid temperature and TM: ma-
trix temperature).

CIRCUMFERENTIAL POSITION

. .25 $- .75

TF TM TF TM
4-.05 .0277 .0553 .1367 .0919
4-.15 .0599 .0922 .1814 .1279
4-.25 .0970 .1341 .2349 .1716
4-.35 .1398 .1826 .2983 .2242
4-.45 .1895 .2393 .3725 .2870
4-.55 .2474 .3052 .4579 .3614
4-.65 .3143 .3812 .5545 .4480
4-.75 .3907 .4672 .6609 .5473
4-.85 .4763 .5618 .7746 .6588
4...95 .5693 .6623 .8903 .7807

Table C-12. Steady State Temperature Distribution at n
- 83.805 for NTU - 5, n - 1, and a - 0 along
axial positions (TF: fluid temperature and
TM: matrix temperature).

CIRCUMFERENTIAL POSITION

- .25 .75

TF TM TF TM
4-.05 .0646 .1291 .2743 .2044
4-.15 .1353 .2060 .3442 .2720
4-.25 .2090 .2827 .4164 .3427
4-.35 .2840 .3590 .4901 .4154
4-.45 .3594 .4348 .5648 .4895
4-..55 .4346 .5098 .6401 .5646
4...65 .5093 .5840 .7155 .6404
4...75 .5830 .6568 .7906 .7168
4...85 .6553 .7276 .8645 .7936
4-.95 .7253 .7952 .9353 .8706
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Table C-13. Transient Temperature Distribution at 17 -
6 for NTU - 5, n - 6, and a - 0 along cir-
cumferential positions (TF: fluid tempera-
ture and TM: matrix temperature).

AXIAL POSITION

- .05 4 - .55 - .95

TF TM TF TM TF TM
e-.05 .0116 .0232 .1338 .1753 .4969 .6260
e-.15 .0107 .0215 .1281 .1681 .4824 .6091
e-.25 .0099 .0198 .1225 .1611 .4681 .5923
e-.35 .0092 .0183 .1171 .1543 .4540 .5758
e-.45 .0085 .0169 .1118 .1476 .4401 .5593
e-.55 .0386 .0185 .2469 .1544 .7888 .5776
e-.65 .0409 .0201 .2555 .1613 .7976 .5951
e-..75 .0433 .0217 .2641 .1683 .8059 .6118
e-.85 .0458 .0234 .2728 .1755 .8139 .6278
e-.95 .0483 .0251 .2816 .1827 .8215 .6430

Table C-14. Transient Temperature Distribution at q
12 for NTU - 5, n - 6, and a 0 along cir-
cumferential positions (TF: fluid tempera-
ture and TM: matrix temperature).

AXIAL POSITION

4 - .05 4 - .55 - .95

TF TM TF TM

__4

TF TM
e-.05 .0323 .0647 .2579 .3194 .6302 .7428
e-.15 .0304 .0608 .2509 .3111 .6184 .7299
e-.25 .0286 .0572 .2436 .3029 .6066 .7171
e-.35 .0266 .0537 .2367 .2949 .5949 .7043
e-.45 .0253 .0505 .2299 .2869 .5833 .6916
e-.55 .0941 .0541 .3903 .2950 .8528 .7057
e-.65 .0984 .0577 .3993 .3031 .8596 .7191
e-.75 .1027 .0613 .4082 .3112 .8660 .7320
e-.85 .1071 .0650 .4172 .3195 .8721 .7442
e-.95 .1116 .0688 .4261 .3278 .8779 .7558
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Table C-15. Steady State Temperature Distribution at n

- 90.894 for NTU - 5, a - 6, and a - 0
along circumferential positions (TF: fluid
temperature and TM: matrix temperature).

AXIAL POSITION

4 - .05 - .55 - .95

TF TM

___4

TF TM TF TM
e-.05 .084 .1680 .4731 .5497 .7785 .8547
e-.15 .0798 .1596 .4652 .5417 .7706 .8467
e-.25 .0758 .1517 .4574 .5337 .7626 .8388
e-.35 .0721 .1441 .4495 .5257 .7546 .8308
e-.45 .0685 .1370 .4417 .5178 .7466 .8228
e-.55 .2210 .1449 .6027 .5258 .9158 .8316
e-.65 .2290 .1529 .6106 .5339 .9200 .8400
e-.75 .2369 .1609 .6183 .5419 .9240 .8480
e-.85 .2449 .1688 .6260 .5498 .9278 .8555
e-.95 .2528 .1768 .6336 .5578 .9314 .8627

Table C-16. Transient Temperature Distribution at q

6 for NTU - 5, o - 6, and a - 0 along axial
positions (TF: fluid temperature and TM: ma-
trix temperature).

CIRCUMFERENTIAL POSITION

. .25 Q - .75

TF TM TF TM
E -.05 .0099 .0198 .0433 .0217
F -.15 .0214 .0329 .0649 .0352
E -.25 .0362 .0510 .0946 .0539
$-.35 .0562 .0762 .1354 .0802
E -.45 .0839 .1117 .1906 .1171
f-.55 .1225 .1611 .2641 .1683
E -.65 .1757 .2289 .3600 .2384
E -.75 .2479 .3202 .4816 .3325
E -.85 .3439 .4400 .6308 .4556
t-.95 .4681 .5923 .8059 .6118
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Table C-17. Transient Temperature Distribution at q
12 for NTU - 5, n - 6, and a - 0 along axial
positions (TF: fluid temperature and TM: ma-
trix temperature).

CIRCUMFERENTIAL POSITION

TF
e-.05 .0286
e-.15 .0593
E -.25 .0942
E =.35 .1352
e-.45 .1844
4-.55 .2436
e-.65 .3146
e-..75 .3986
e-.85 .4961
e-.95 .6066

.25 .75

TM

___ft

TF TM
.0572 .1027 .0613
.0901 .1442 .0946
.1291 .1937 .1342
.1763 .2533 .1822
.2336 .3244 .2407
.3029 .4082 .3112
.3856 .5052 .3954
.4826 .6151 .4939
.5936 .7363 .6066
.7171 .8660 .7320.

Table C-18. Steady State Temperature Distribution at I,

- 90.894 for NTU - 5, n - 6, and a - 0 along
axial positions (TF: fluid temperature and
TM: matrix temperature).

CIRCUMFERENTIAL POSITION

a - .25 a . .75

TF TM TF TM
-4-.05 .0758 .1517 .2369 .1609
e-.15 .1520 .2282 .3130 .2368
e-.25 .2283 .3046 .3892 .3129
e=.35 .3046 .3810 .4655 .3892
E-.45 .3810 .4574 .5419 .4655
e-.55 .4574 .5337 .6183 .5419

.65 .5337 .6101 .6947 .6183
e-.75 .6101 .6864 .7712 .6948
t-85 .6864 .7627 .8476 .7713
E -.95 .7626 .8388 .9240 .8480
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Table C-19. Steady State Temperature Distributions of
Fluid at Various Rotation Speeds, n, for NTU

5 and a- 0 at q .55

.25
ROTATION SPEED

.5 1 2 4 8
e-.05 .6283 .5825 .5289 .4963 .4790 .4702
e-.15 .4428 .4851 .4809 .4725 .4672 .4642
e-.25 .2969 .3960 .4346 .4491 .4554 .4583
e-.35 .1913 .3177 .3905 .4262 .4437 .4524
e-.45 .1195 .2510 .3489 .4038 .4322 .4466
e-.55 .4447 .4928 .5467 .5793 .5967 .6058
e-.65 .6306 .5912 .5947 .6029 .6085 .6116
e-.75 .7654 .6771 .6401 .6259 .6201 .6175
e-.85 .8563 .7492 .6823 .6482 .6315 .6232
e-.95 .9145 .8081 .7211 .6698 .6428 .6290

Table C-20. Steady State Temperature Distribution at
- 144.73 for NTU - 10, n - .25, and a - 0
along circumferential positions (TF: fluid
temperature and TM: matrix temperature).

AXIAL POSITION

4 . .05 4 . .55 - .95

TF TM TF TM TF TM
e-.05 .1521 .2282 .6380 .6780 .8910 .9163
e-.15 .0828 .1242 .5305 .5725 .8114 .8413
e-.25 .045 .0676 .4280 .4691 .7245 .7577
e-.35 .0245 .0368 .3360 .3739 .6342 .6693
e-.45 .0133 .0200 .2574 .2905 .5443 .5790
e-.55 .1087 .0835 .4412 .3983 .8476 .7714
e-.65 .1882 .1584 .5527 .5087 .9171 .8756
e-.75 .2749 .2417 .6536 .6123 .9549 .9323
e-.85 .3651 .3300 .7392 .7031 .9754 .9632
e -.95 .4549 .4194 .8084 .7785 .9866 .9799
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Table C-21. Steady State Temperature Distribution at n

- 185.48 for NTU - 10, n - 1, and a - 0
along circumferential positions (TF: fluid
temperature and TM: matrix temperature).

AXIAL POSITION

- .05 f - .55 - .95

TF TM TF TM

__L

TF TM
e-.05 .1105 .1657 .5378 .5789 .8591 .8978
e -.15 .0913 .1370 .5118 .5530 .8342 .8733
e -.25 .0755 .1133 .4860 .5272 .8092 .8486
e -.35 .0624 .0937 .4603 .5014 .7842 .8237
e-.45 .0516 .0774 .4350 .4757 .7590 .7987
e-.55 .1403 .1017 .5431 .5017 .8891 .8336
e-.65 .1651 .1262 .5692 .5277 .9083 .8624
e -.75 .1900 .1508 .5950 .5537 .9241 .8862
e-.85 .2150 .1755 .6204 .5794 .9373 .9059
e -.95 .2401 .2004 .6452 .6048 .9481 .9222

Table C-22. Steady State Temperature Distribution at q

- 198.1 for NTU - 10, n - 6, and a - 0
along circumferential positions (TF: fluid
temperature and TM: matrix temperature).

AXIAL POSITION

- .05 - .55 - .95

TF TM

___4

TF TM TF TM
e -.05 .0884 .1326 .5056 .5472 .8379 .8794
e -.15 .0854 .1281 .5013 .5428 .8336 .8751
e-.25 .0825 .1238 .4970 .5385 .8292 .8707
e -.35 .0798 .1199 .4926 .5341 .8249 .8664
e-.45 .0771 .1156 .4883 .5298 .8205 .8620
e-.55 .1613 .1199 .5757 .5341 .9111 .8667
e-.65 .1656 .1243 .5800 .5385 .9141 .8712
e-.75 .1699 .1286 .5844 .5428 .9170 .8755
e-.85 .1743 .1329 .5887 .5472 .9198 .8797
e-.95 .1786 .1372 .5930 .5515 .9225 .8838
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Table C-23. Steady State Temperature Distribution at n

- 144.73 for NTU - 10, n - .25, and a - 0
along axial positions (TF: fluid temperature
and TM: matrix temperature).

CIRCUMFERENTIAL POSITION

.25 .75

TF TM TF TM
e-.05 .0450 .0676 .2749 .2417
e-.15 .1087 .1405 .3413 .3051
e-.25 .1832 .2205 .4138 .3752
e-.35 .2634 .3035 .4909 .4507
e-.45 .3458 .3876 .5713 .5301
e=.55 .4280 .4691 .6536 .6123
e-.65 .5084 .5486 .7361 .6959
4-.75 .5855 .6241 .8164 .7791
e=.85 .6580 .6943 .8911 .8592
E =.95 .7245 .7577 .9549 .9323

Table C-24. Steady State Temperature Distribution at ti

- 185.48 for NTU - 10, n - 1, and a = 0
along axial positions (TF: fluid temperature
and TM: matrix temperature).

CIRCUMFERENTIAL POSITION

.25 A - .75___a

TF TM TF TM
4-.05 .0755 .1133 .1900 .1508
e-.15 .1564 .1968 .2684 .2281
e=.25 .2387 .2799 .3489 .3081
e-.35 .3212 .3625 .4305 .3895
e=.45 .4037 .4449 .5126 .4714
e-.55 .4860 .5272 .5950 .5537
e-.65 .5681 .6092 .6776 .6362
e-.75 .6498 .6907 .7603 .7190
E =.85 .7306 .7710 .8429 .8023
eus.95 .8092 .8486 .9241 .8862
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Table C-25. Steady State Temperature Distribution at n

- 198.1 for NTU - 10, 0 - 6 and a - 0 along
axial positions (TF: fluid temperature and
TM: matrix temperature).

CIRCUMFERENTIAL POSITION

- .25

TF TM
e-.05 .0825 .1238
E -.15 .1653 .2067
ea..25 .2482 .2896
e-.35 .3311 .3725
E -.45 .4140 .4554
e-.55 .4970 .5385
4...65 .5800 .6215
4-.75 .6631 .7046
E -.85 .7462 .7877
E -.95 .8292 .8707

___a - .75

TF TM
.1699 .1286
.2526 .2112
.3354 .2940
.4183 .3769
.5013 .4598
.5844 .5428
.6675 .6259
.7506 .7090
.8338 .7922
.9170 .8755

Table C-26. Steady State Temperature Distribution at
- 17.64 for NTU - 1 , o - .5, and a - 0
along circumferential positions (TF: fluid
temperature and TM: matrix temperature).

AXIAL POSITION

4- .05 L - .55 - .95

TF TM TF TM

__4

TF TM
e-.05 .0690 .4139 .3564 .6096 .5304 .7280
e-.15 .0337 .2022 .2096 .3868 .3477 .5162
e-.25 .0165 .0987 .1218 .2392 .2227 .3527
e-.35 .0080 .0482 .0700 .1449 .1400 .2342
e-.45 .0039 .0235 .0398 .0864 .0867 .1520
e-.55 .4694 .2718 .6940 .4247 .9310 .5857
e-.65 .6521 .4835 .8256 .6479 .9663 .7976
e-.75 .7770 .6469 .9016 .7892 .9835 .9011
e-.85 .8597 .7653 .9449 .8759 .9919 .9517
e-.95 .9130 .8475 .9694 .9279 .9961 .9764
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Table C-27. Transient Temperature Distribution at q

18.31 for NTU - 1, o - 1, and a - 0 along
circumferential positions (TF: fluid temper-
ature and TM: matrix temperature).

AXIAL POSITION

. .05 - .55 - .95

TF TM TF TM TF TM
e -.05 .0712 .4270 .3708 .6390 .5610 .7818
e=.15 .0462 .2802 .2754 .4986 .4459 .6522
e-.25 .0307 .1839 .2033 .3847 .3510 .5359
e-.35 .0201 .1207 .1494 .2938 .2740 .4348
e-.45 .0132 .0792 .1093 .2296 .2123 .3490
e-.55 .4388 .2179 .6826 .4001 .9288 .5727
e-.65 .5538 .3475 .7691 .5424 .9532 .7195
e-.75 .6487 .4637 .8328 .6544 .9693 .8159
e-.85 .7257 .5648 .8793 .7412 .9799 .8791
e-.95 .7874 .6506 .9132 .8076 .9868 .9207

Table C-28. Steady State Temperature Distribution at
- 18.99 for NTU - 1, a - 6, and a - 0 along
circumferential positions (TF: fluid temper-
ature and TM: matrix temperature).

AXIAL POSITION

4 .05 - .55 - .95

TF TM TF TM TF TM
e-.05 .0542 .3253 .3097 .5575 .5031 .7420
e-.15 .0499 .2992 .2928 .5324 .4821 .7173
e-.25 .0459 .2752 .2767 .5081 .4618 .6931
e-.35 .0422 .2531 .2614 .4847 .4422 .6693
e-.45 .0388 .2328 .2469 .4622 .4232 .6460
e-.55 .4966 .2578 .7396 .4885 .9457 .6744
e-.65 .5167 .2824 .7549 .5137 .9501 .7005
e-.75 .5379 .3066 .7694 .5379 .9541 .7246
e-.85 .5575 .3304 .7830 .5612 .9578 .7467
e-.95 .5764 .3537 .7959 .5834 .9612 .7670
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Table C-29. Steady State Temperature Distribution at
- 17.64 for NTU - 1, n - .5, and a - 0 along
axial positions (TF: fluid temperature and
TM: matrix temperature).

CIRCUMFERENTIAL POSITION

___a - .25 a - .75

TF
4...05 .0165
4-.15 .0347
4-.25 .0546
4...35 .0758
4-.45 .0983
4..55 .1218
4-.65 .1461
4-.75 .1711
4-.85 .1967
e...95 .2227

TM TF TM
.0987 .7770 .6469
.1260 .8030 .6749
.1538 .8286 .7033
.1821 .8537 .7318
.2106 .8781 .7605
.2392 .9016 .7892
.2678 .9241 .8177
.2964 .9454 .8459
.3247 .9652 .8738
.3527 .9835 .9011

Table C-30. Steady State Temperature Distribution at n

- 18.31 for NTU 1, n 1, and a - 0 along
axial positions (TF: fluid temperature and
TM: matrix temperature).

CIRCUMFERENTIAL POSITION

- .25 . .75

TF TM TF TM
E -.05 .0307 .1839 .6487 .4637
4-.15 .0630 .2245 .6857 .5003
e-.25 .0966 .2651 .7227 .5378
e-.35 .1314 .3053 .7597 .5761
4-.45 .1671 .3452 .7965 .6150
4-.55 .2033 .3847 .8328 .6544
e-.65 .2400 .4236 .8684 .6944
4-.75 .2770 .4618 .9032 .7346
4-.85 .3140 .4993 .9370 .7752
4-.95 .3510 .5359 .9693 .8159
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Table C-31. Steady State Temperature Distribution at n

- 18.99 for NTU - 1, 0 - 6, and a - 0 along
axial positions (TF: fluid temperature and
TM: matrix temperature).

CIRCUMFERENTIAL POSITION

TF
f-.05 .0459
e-.15 .0919
f-.25 .1380
f...35 .1842
f...45 .2304
f-.55 .2767
f...65 .3230
f-.75 .3693
f..85 .4156
f-.95 .4618

.25 - .75

TM TF TM
.2752 .5379 .3066
.3219 .5841 .3527
.3685 .6304 .3988
.4151 .6767 .4451
.4617 .7231 .4915
.5081 .7694 .5379
.5545 .8156 .5845
.6008 .8619 .6311
.6470 .9080 .6778
.6931 .9541 .7246

Table C-32. Transient Effectiveness with Various Rota-
tion Speeds for NTU 1 and a O.

-A=LE

ROTATION

_A=1

SPEED

nu.. 2 .0759 .1471
_a=a_
.2365

_A=i_
.2613

_a-6
.2702q 3 .1284 .2333 .3082 .3311 .3384

4 .1730 .2900 .3481 .3744 .3820
n- 5 .2066 .3216 .3765 .4025 .4100
n- 6 .2297 .3387 .3949 .4206 .4282
n- 8 .2533 .3557 .4140 .4402 .4479
11. 10 .2614 .3635 .4221. .4485 .4563

11 .2640 .3667 .4256 .4521 .4599q 14 .2654 .3680 .4271 .4536 .4615
11... 16 .2654 .3686 .4277 .4543 .4621
n- 18 .3688 .4280 .4546 .4624
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Table C-33. Transient Effectiveness with Various Rota-
tion Speeds for NTU - 5 and a - O.

E1=2 1

ROTATION SPEED

v. 2 .0356
_am.-...§.
.0709

__amt.
.1371

__lima
.2168

v. 4 .1032 .2003 .3238 .3590
v. 6 .1778 .3237 .4265 .4518
li 8 .2507 .4183 .4870 .5137
q..10 .3175 .4826 .5348 .5590
0 12 .3755 .5246 .5716 .5934
q..14 .4230 .5533 .5994 .6203
1/16 .4599 .5754 .6216 .6418
,;18 .4869 .5936 .6396 .6593
1 20 .5059 .6089 .6543 .6738
tp.22 .5189 .6213 .6663 .6857
v/24 .5277 .6312 .6763 .6957
ty...30 .5420 .6503 .6970 .7170
q..36 .5490 .6605 .7089 .7297
q...48 .5540 .6689 .7199 .7419
q..60 .5556 .6713 .7236 .7463
,.72 .6720 .7247 .7479
q...84 .7485
S.S* .5556 .6721 .7253 .7486

* : steady state

____Q=a
.2401
.3814
.4703
.5309
.5748
.6083
.6345
.6556
.6728

.7088

.7434

.7565

.7614

.7633

.7640

.7642
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Table C-34. Transient Effectiveness with Various
Rotation Speeds for NTU - 10 and a - O.

ROTATION SPEED

_a-.5 Aml a=1_
4. 2 .0583 .1126 .1932

4 .1744 .2790 .3214
q= 6 .1611 .2913 .3757 .4088

.3626 .4921 .5273 .5562
11=16 .5848 .6106
r/18 .4996 .5750
r/20 .6259 .6491
11..24 .5746 .6304 .6567 .6781
q=30 .6155 .6672
r.36 .6434 .6940 .7162 .7345

.6647 .7140
1/.48 .7293 .7504 .7674
q..54 .6914 .7411
17=60 .7716 .7884

.7052 .7573 .

-72 .7851 .8023
//78 .7127 .7671
/1..84 .7937 .8116
q90 .7167 .7731
q..108 .8220
11120 .8053

.8267
S.S* .7211 .7821 .8091 .8301

* : steady state

Table 35. Steady State Effectiveness
with Various Rotation Speeds.

ROTATION SPEED

n-.25
NTU-1 NTU-5 NTU-10

.5556 .7211
n-.5 .2655 .6721 .7821
n- 1 .3688 .7253 .8091
n- 2 .4280 .7486 .8215
n- 4 .4547 .7592 .8273
n- 6 .4625 .7626 .8292
n- 8 .7642 .8301
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APPENDIX D

FLOW CHART FOR THE NUMERICAL SYSTEM



FLOW CHART OF THE NUMERICAL SYSTEM

declaration and
open file

input signal "NSIG", number of

index set, and criterion for

steady state

input data and
initial condition

calculate and write
constant

call TW* to
print out initi-
al condition
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140

Y
create U matrix for

matrix temperature

1001

control loop for printing

out

4,

print out tempeatures

for future use

and close files

''

C stop )

--)N,

* Subroutine TW is for printing out temperature distributions
and mean temperature at the outlet of cold side.



1000

main manipulation loop

call TW

C stop

cal TW to print out

steady state

calculate fluid temperatures

column by column

produce right hand side for

matrix temperature and

calculate matrix temperature

column by column

evaluate mean of outlet

temperature of cold side
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