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ABSTRACT

Presently available performance models of evacuated
tubular solar collectors uses HWB model to determine
useful energy gain. The main shortcoming of HWB model
is that it is basically one-dimensional and is based on
lumped formulation. The errors associated with using this
model are compounded by the fact that the model is not
conservative but gives results that are too high, A compre-
hensive literature search indicated that evacuated tubular
solar collectors have not yet been analysed considering
two dimensional effects in the absorber plate. It is
believed that the two dimensional analysis will enable a
more accurate evaluation to be made of the collector

performance.

In this thesis parametric analysis of evacuated
tubular solar collector is presented developing two
dimensional performance model. The collector uses a thin
flat plate spanning its diameter as its absorbing surface.
Collectors of this type are being commercially produced

by Corning Glass Works, N.Y.

In the analysis of the plate assuming the temperature

gradient to be negligible along the plate thickness reduces
the problem to a two dimensional one. For the fluid inside

the tube, radial variation of temperature is neglected.

v



Energy balances are made on collector plate and tube
each considered as a separate unit and two differential
equations are obtained. The solution to the differential
equations gives the temperature distributions of the
plafe and fluid. The heat loss model developed allows
for wide flexibility in ambient temperature, collector
temperature, fluid flow rate etc. The model includes

optical effects also.

Two-~dimensional temperature distribution has been
illustrated by isotherms. Performance curves obtained from
two-dimensional model has been compared with that of
HWB model. It was found that HWB model over-estimates
performance by less than 1 percent at higher flow rates
and about 3,5 percent at low flow rates.Plate thickness
has negligible effect on collector performance. Increase
in tube spacing or length increases fluid outlet temperature
and decreases efficiency, but it is more efficient to
increase fluid outlet temperature by increasing length

rather than water tube spacing.
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CHAPTER I
INTRODUCTION

Energy is always a very important factor to provide

man with enough food and adequate shelter and clothing,

As a result of projected world energy shortage the use

of solar energy for environmental control is receiving
much attention in the engineering sciences literature.

The sun is a source of nearly all forms of energy on the
earth. Our earth receives a continuous stream of energy
from the sun. On a clear day the earth receives IKW of
solar energy for each square meter of surface for a few

hours per day. Perhaps 4 to 8 KWhr/m? day can be collected.

In a solar installation the solar collector is
the essential item, and it is here that solar radiant
energy is transformed to some other useful energy form.
The facts that solar energy, like carpeting, comes by
the square meter and that the first cost of the collector
PE€r square meter is appreciable makes solar collectors
capital intensive. Significantly large sums of capital
must be invested in return for the use of this non-depletable

source of energy.




The flat plate collector is the simplest and
one of the cheapest means of collecting solar energy
for use in systems that require thermal energy at low

temperatures (<100°C).

As solar energy is a'dispersed form of energy,
an effective method of collection is very important.
It is well-known that by evacuating a solar collector
its performance can be highly improved. Evacuated tube
solar collectors permit the use of a vacuum of sufficient
magnitude (about 10-hmm Hg) to eliminate convection and
conduction heat transfer losses. The vacuum may help
to protect a selective surface used on the absorber (for
reduction of long-wave radiation heat losses) against
performance degradation over the life of the collector.
Also, these collectors permit the collection of solar
energy at lower solar radiation levels i.e. earlier in
the morning and later in the evening. In addition, these
collectors generally require a minimum amount of material
per square meter of collector and thus provide for the

possibility of lower costs.

A typical evacuated collector tube detail is shown
in Figure 1.1. Collectors of this type are being commer-

. . 1
cially produced by Corning Glass Works( ), New York.
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In the present study a two dimensional mathematical
model is developed for evacuated tubular solat collectors
which uses for its absorbing surface a thin flat plate
spanning its diameter. The emphasis of the investigation
is to study the two dimensional effects in the absorber

plate housed in evacuated glass cylinders.

It has been found by Klein et al(z), that a zero
capacitence model is quite adequate when hourly meteoro-
logical data are used, and hence in this study steady
state analysis of the collector is made. The overall
loss coefficient has been assumed constant for the whole
plate. The effects of various parameters on the
temperature distribution and efficiency are studied
under different conditions. Since a theoretical
analysis is the basis for most competitive designs,
mathematical models are necessary for designers of solar

collectors to maximize the net collection Vs cost.



CHAPTER 11
LITERATURE REVIEW

Recently, a measure of success has been achieved
in producing evacuated collectors by employing a cylindrical
glass envelope, design (1, 3-5). Although evacuated
collectors with a flat plate cover can be constructed,
there are structural advantages with a cylindrical tube
and the construction of a collector is much simpler than
using a flat glass plate. The absorber plate, contained
within this cylinder, may be another glass cylinder,
concentric with the outer one(s), a flat plate(l), or a
single U-tube in which case the rear half of the glass
cylinder is given a reflective coating to form a concentrator,
and the U-tube is placed at the focus(s). The absorber is
suspended in the envelope with minimumlcontact area of the

supports with the glass tube.

Karaki et 31(6), Hinotani et a1(7), Felske(s), and
others developed performance model and analysed evacuated
cylindrical solar collectors. They considered optical
effects and used HWB model to obtain useful energy gain
of the collector. The main short coming of this model is

that it is basically one-dimensional and is based on lumped



formulation. The configuration parameters of the collector
do not appecar cxplicitly in the cefficicency cexpression

but are reflected through various efficiency lactors.

The internal resistances of the plate and tube are

(")

neglected. Dullice and Beckman refined the lumped

analysis by taking into account the resistances between
the tube and the fluid, by [irst obtaining an expression
for the average fluid temperature, and then calculating

the average plate tempervature by including a resistance

between the two temperatures,

A review of existing Titerature indicated that,
although the effects of various col lm‘lm" parameters on
the collector efficiency were well documented based on
extensive experimentation, a rigorous theoretical analysis

is lacking in this arca.

The analysis which results in HWB model neglects
axial conduction in both the (luid and the recciver.
el (10) . . . .
Phillips " opresented a closed form solution which predicts
the performance of a [lat plate solar collector including
the effect of axial conduction in the receiver. Since fluids

with high thermal conductivity such as liquid metals, are

not commonly used as collector coolants, the assumption of



negligible axial conduction in the transfer fluid seems
reasonable. Collector plates, on the other hand, are
often designed to be good conductors in order to
efficiently transfer heat from the absorbing surface
to the transfer fluid. Thus it does not seem appro-
priate to neglect axial conduction in the receiver
under all conditions. Axial conduction in the
collector plate causes a flow of heat in the direction
opposite to_the flow of fluid, This results in a
reduction of the fluid outlet temperature and overall
efficiency of the system. The errors associated with
using HWB model are compounded by the fact that the
model is not conservative but gives results that are

too high.

Kirchhoff(ll), Chiouclz) and others analysed
flat plate solar collector by developing .a two-dimensional

performance model of flat plate collector.

It appears from previous literature search that
evacuated cylindrical solar collectors have not yet been
analysed considering two-dimensional effects in the
absorber plate. To study the two-dimensional effects in
flat plate housed in evacuated glass cylinders the following

work has been carried out. It is believed that two-dimensional



analysis will enable a more accurate evaluation to be

made of the collector performance.

One-Dimensional Collector Model

Based on the pioneering work of Hottel and
Woertz(ls)(1942), Hottel and Whillier(IA)(IQSS):developed
a one-dimensional model of a flat plate solar collector,
Further analytical studies were made by Bliss(ls)(1959)
using a similar model. Most of the research that is
being conducted in solar energy is based on the steady-state
models of Hottel, Whillier and Bliss (HWB). Duffie and
Beckman have presented HWB model in detail, a brief

description of it is given here.

The simplifying assumptions used in the

analysis are listed below:

1. Performance is steady-state.

2. Construction is of sheet and tube £ype.

3. The headers provide uniform flow to tubes.

4. The headers cover a small area of collector and

can be neglected.



5)

6)

7)

8)

9)

10)

The overall loss coefficient UL may be treated

as independent of position.

The temperature gradient across the absorber plate

thickness is negligible.

Flow properties may be evaluated at a mean fluid

temperature.

Shading of the collector absorbing plate is

negligible.

The tube spacing is constant with the edge tube

located inward a distance of one-half the spacing.

Axial conduction in the absorber plate does not

effect the local plate conductance for transverse

heat flow.

There are more assumptions relating to the

evaluation of UL which are not given here but can be

found in (9).

Following is the analysis presented by Duffie and

Beckman(g). The first step in a thermal analysis of the

absorber plate-tube assembly is to obtain expressions for

the temperature distribution in the region between tubes.

Using the previously noted assumptions for parallel-flow
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collectors, symmetry can be used to separate the
individual tube-sheet sections by insulated boundary
conditions at locations midway between tubes. Within
ciach separated section, symmetry again exist for cach
half-width region. Figure 2.1 shows onc such region, -
on which a one-dimensional thin-f{in thermal analysis
will be made. Applying an cenergy balance on the (in

clement gives the following differential cquation

applicable for 0 x - W{-)_l) .
NEN) U
P 1. o o . ’
) . €T |,l - :~./“ ) (2.1)
JdNce IN I | ) l.
l) |)

The two boundary conditions necessary for this second-
order differential cquation arce symmetry at the centerline

and known root temperaturce;

d'l') ) oy
- = 0 and P = T
(dx W-h P
x =0 X = _Z_
where lp = p (x)
If we define m?2 = U, /. . _ . . .
L l\P ép and Op = (lp - lzl b/U )
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[s - UL(Tp - 'ra) JAax

Figure 2.1: Sheet and tube dimensions
and energy balance.
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The solution to equation (2.1) will be

ER Cosh m x
6, Coshm (W-D)/2 (2.2)

The energy conducted. to the region of the tube
per unit of length in the flow direction can now be

found by evaluating Fourier's law at the fin base:

dT
- = - 2.1
9%in-base ~ 2Kpap HYR (2.3)

x = (W-D)/2

where the factor of 2 rcsults from hcat flow into both
sides of the tube base. Using equation (2.2), cquation

(2.3) may be written as:

9fin-base - (W-D)F Uy, Ay (2.4)

where F is the standard fin efficiency given by

- tan h{m(w-D)/2}
F = o7z (2.5)

The useful gain of the collector also includes

the energy collected above the tube region. The energy
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gain for the tube region is:

Qtube - D{S-UL(Tb - Ta)} (2.6)
or in terms of eb
Qtube ~ -DULeb (2.7)

The total useful gain for the collector per unit

of length in the flow direction becomes:

aj = -{(W-D)F + D} U6, (2.8)

Ultimately, the useful gain from equation (2.8)
must be transferred to the fluid. The resistance to
heat flow to the fluid results from the bond and the
fluid to tube resistance. The useful gain can be
expressed in terms of these two resistances as:

) (Ty, - Tg)

a, -~ (2.9)
1/hf wDi + 1/Cb

or

(2.10)
l/hf ﬂDi + 1/Cb
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where l)i is the inside tube diameter and hr is the heat
transfer coefficient between the (luid and the tube wall.

Cb is the bond conductance.

Solving ecquation (2.10) for Ob’ substituting it
into (2.8), and solving the result for the uscflul gain,

we obtain,

4, = -WuET0 ' (2.11)
whcroer = (Tf - Tq - S/Ul) and F” , the collector

clticiency factor, is given by:

. L/ut,

U S (2.12)
W ! N I S —
Uy ID =+ (W - ) C, . Db,

The useful gain per unit of flow length as calcualted

from cquation (2.11) is ultimately transferred to the [luid.

The fluid enters the collector at temperature T and

f,i

increases in temperature until at exit it is Tf o+ Referring
?

to Figure 2.2, an energy balance can be made on the fluid

lowing through a scction of one pipe of length Ay as



..
T\g\

I I SR
=
' 1
2
.U'-l
Hh

FLUID
_ - hCTe l —>
FLOW y

y + &y

]
N

Figure 2.2: Energy balance on Fluid element.

15



16

de
ng, —— - q& = 0 _ (2.13)
pdy
dﬂf
or mC + WU F78,. =0 (2.14)
P g L f
y
Applying boundary condition
8g(0) = 0¢
Equation (2.14) has the solution
0p(y) .
= exp(- ULF y/m C) (2.15)
Of,1 P

The collector heat removal factor FR can be obtained

from equation (2.15) with y = L as

2y )

]

o &
l"'Ljﬁ

{1 - exp (-ULF7/GC)}  (2.16)

The total useful energy gain of the collector

can be found from equation (2.16)

Qu = AP FR {S- UL(Tf,i - Ta)} (2.17)




and instantancous collector efficiency, n , is deflincd as:

n o= (2.18)

where | is the total solar radiation on a tilted surface

and Al‘ is the absorber area.

Optical Lffects

Basically the same analysis i

'

applicable to the
eviacuated glass tube solar collectors which has been used

for (lat plate collectors.

The transmittance for a single glass cover neglecting

absorption is

(r - p)°% paN ='lJ“;_QJf= - v (2.19)

where reflectance

Sin? (0, - 0,) tan? (o
/2] . 2 L, 2 (2.20)
Sin?(0, tan” (0, + 0)

'
—
—
—
——

P{0)

¢
o~
-
——
~—

0, and 0, in cquation {(2.20) arc the angle of incidence

and refraction and by Snell's law
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4 (2.21)

n, and n, in cquation (2-21) arc refractive

indices of the medium.

If the angle of incidence and refractive indices
are known, equation (2-20) and (2-21) are sufficient
to calculate the reflectance of the single cover, and

thus transmittance can be obtained from Equation (2-19).
The absorption of radiation in a partially
transparent medium is given by

Ta = e (2‘22)

Where K 1is the extinction coefficient and is
assumed to be a constant in the solar spectrum, L

is the actual path of the radiation'through the medium.

If the product KL is small, the transmittance

allowing for both reflection and absorption is

TS T T, (2-23)
= -KL,1 - p
T e (T-"‘_DA (2'24)
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Using K = 0.2/inch. and L = 0.1 inch. and ¢ = 0.0434,
corresponding to a refractive index for the glass of

1.526.

T = 0.899 (normal incidence)

As the glass curves, the angle of incidence
increases, which means an increase in both L and p.
Figure 2-3 shows the change in net transmittance for
a plane sheet of glass. Averaging these transmittances
over angles to 75 degrees to cover the useful areas of

(16)

transmission of the glass cylinder gives

Tavg. = 0.852

If o is the absorptivity of the surface, thermal
energy captured by the absorber plate of the collector
is

S = (ta)l (2-25)

where I is the total solar radiation on a tilted surface,



TRANSMITTANCE
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Figure 2.3: Transmittance versus angle

of incidence for glass.
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The total solar radiation includes the direct
radiation and the diffuse. Using I in equation (2-7)
overstates the reccived insolation stightly because
the diffuse does not come from the same angle as the
direct. Effect of even lower order that tends to
decrease the incoming radiation is due to shading
by adjacent tubes. However, compensating effects that
serve to increase the received radiation may be due
to internal reflections in the tube, reflections from

adjacent tubes and reflections from the surface behind

the tubes.



CHAPTER 111

CALCULATION OF THERMAL LOSSIES

llcat is lost from the outside of the glass

cylinders by both radiation and convection, but (rom

the absorber to the glass, only radiation transfers the
heat, as the heat lost by both convection and conduction
are made negligible by cvacuation (about 10_4 mm Ilg).

O course, there is a small amount ol conduction from the
absorber through the structure that supports it away

from the glass walls, but this c¢ffect has been neglected.

The heat lost by the collector is given by cquation (5.1).
Q, = U A (T - T (3.1)

The heat transfer coefficient ”I is calculated
rom the thermal resistance between the collector plate
and glass tube and between the glass tube and the exterior

HIN

U= W/ gy v Uy (3.2)

(9
e
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Radiation from the glass cylinder

The radiative loss from the glass tube surface
accounts for radiation exchange with the sky at
temperature Ts' For simplicity, it is referenced to
the ambient air temperature so that the radiation
heat transfer coefficient from the cylindrical glass

surface can be written as

hg,r = ego (TE - T;)/(Tg - Ta) (3.3)

where eg is the emissivity of the glass

g is the Stefan-Boltzmann Constant

5.6697 x 108 w/m? °k*

Tg is the temperature of the glass tube, °k

o]

T, is the ambient air temperature, °K

TS is the equivalent sky temperature as a

function of the ambient air temperature, Ok

. 9
Sw1nbank( ) relates sky temperature to the local air

temperature in the simple relationship
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1.5
T = 0.0552 Tair (3.4)

sky

The actual radiating surface of each cylinder
is equal to its surface area, but, in effect, much
of the view of each cylinder is the neighbouring
cylinder or the building structure behind the cylinder.
Assuming these surfaces beside and behind the cylinder
to be at the same temperature as the glass, heat is
radiated only to the front. Therefore the area for
radiation of h 1 ejuation (3.3) is assumed to be

8

the product of the cylinder diameter and length(16), DgL.
To reference the loss to the absorber equation (3.3) is

multplied by (DgL/Ap).

Surface Convection

The convection heat transfer coéfficient hwp on
the glass tube surface is approximated by heat transfer
coefficient around a cylinder. Expressiong for hw have
been determined from data illustrated by Holman(l7’ 18)

for single cylinders, namely.

for the case of natural convection and

hW = 1.32 (‘—E—-—-)
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in the casc of forced convection for Re><400

0.492

- 1
hw = ﬁ; (0.0161 Re + 0.007) (3.5)

in SI units, where

R = 72770 D W
e o

The value of hw represents the loss per unit arca
of glass surface. Tor consistency, all losscs are
referenced to the net collector area Ap, SO hw is multiplied
by (Ag/An) before combining with radiation losses below
in equation (3-2). Also for a bank of tubes, the loss
per tube is less than for a single cxposced tube, so 60
percent of the loss rate (hw) was used as the convection

loss rate from the glass surface to air(]é). The adjusted

wind loss coefficient is

hwp = (Ag/Ap) x 0.6 x hw (3.6)

Radiation From Absorber to Glass

The radiation heat transfer coefficient between

the absorber plate and glass tube can be written as
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- b mh _
hyr = epg® (T = TR/(T, - T,)  (3.7)

where epg the effective emissivity between

the absorber plate and the glass is
A

ey = (— + £ (= - I (3.8
8

The overall thermal loss coefficient can be
obtained by combining equations (3.2), (3.3), (3.6) and
(3.7).

The glass temperature T is found by noting that

g
the heat loss from the plate to the cover is the same

as from the plate to the surroundings. Therefore,
U, (T, - T,)

T = T_ - P (3.9)
£ P "p,r

The procedure is to guess a glass temperature
from which h and h are calculated. With these
g,T p,T
heat transfer coefficients and th’ the overall heat
transfer coefficient is calculated from equation (3.2).
These results are then used to calculate Tg from equation
(3.9). 1f Tg is close to the initial guess, no further

calculations are necessary. Otherwise, the newly calculated

Tg is used and the process is repeated.
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The values of U; are shown in Figure 3.1 for

an average absorber emissivity of 0.1. One of the designs

proposed by Corning has an absorber with a front surface

emissivity of about 0.2 and a polished surface on the

back with an emissivity less than 0.05. The average

between the front and back surfaces may be used in

equation (3.8). Several conclusions can be drawn from

the data in Figure 3.1.

1.

Since U, varies from 1.1 to 2,0 W/m2°C in
the potential operating temperature range of
the collector, the collector can be described

as having a very low loss coefficient.

The UL value increases gradually with
increasing operating temperatures. It is
undesirable to operate the coilector at a

large temperature gain in one pass because of
the decrease in performance as cén be seen
later, If the collector is operated at a modest
temperature gain, UL can be treated as a constant.
over this temperature range. Thus, linear theory

in heat balance calculations can be used.
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3. The overall loss coefficient decreases somewhat
with decreasing ambient temperature because
the value of Up is controlled by radiation
loss from the collector. This is important
in heating season applications where the

ambient temperature is low.

4. Because of the low loss coefficient, liquids
as well as gases can bc used as the workiné
fluid. Even though the heat transfer from the
absorber tube to the working fluid is much
poorer with gases than with liquids, the
consequent risc in absorber surface temperature

does not increase the heat loss appreciably.

Loss rates, UL’ were also computed for average
absorber emissivities of 0.3, 0.5, 0.7 and 0.9, and these
values are shown in Figure 3.2 in relation to loss rates
for emissivity of 0.1. It is apparent from these results
that, to very good approximation UL is proportional to
emissivity for these evacuated collectors. Therefore for
emissivities other than 0.1, the value of UL from Figure 3.1

may be adjusted by the ratio of the average emissivity

to 0.1.
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Figure 3.3 shows the computed glass temperature
for several values of plate emissivity. For an emissivity
of 0.1 the heat loss through the collector is so small
that the glass tube temperature is within a few degrees
of ambient temperature even at high absorber temperatures.
As emissivity increases the glass temperature increases.
This means that UL is most strongly dependent on the

radiation loss coefficient hp re
]
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CHAPTER 1V

TWO DIMENSIONAL PROBLEM TFORMULATION
AND SOLUTION

Governing FEquations

A steady state analysis is made on a portion of
a collector consisting of a single tube with a fin attached
to it as shown in Figure 4.1. All the assumptions used
in the one-dimensional collector model of chapter
Il are retained in the present analysis except assumption
10, i.e., the assumption that axial conduction in the
absorber plate does not effect the plate conductance
for transverse heat flow. Here it is assumed that the
temperature distribution in the plate is two-dimensional
and temperature gradient along the tube thickness is
negligible. For the fluid inside the tubg, radial
variation of temperature is neglected. Although it is
known that the overall heat loss coefficient from the
plate to the surroundings is a function of the local
plate temperature, an average value of this coefficient
valid for the whole plate is used. This average value is
estimated iteratively using expression developed(g) for

thermal losses in chapter III and the expression for the

33
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average plate temperature. Energy balances are made
on absorber plate and tube each considered as a separate
unit and two differential equations are obtained in the

following manner,

Absorber Plate

A two-dimensional control-volume on the absorber
plate, valid for 0 £ x ¢ (W-D)/2 and 0 « Y < L is
shown in Figure 4.1. An energy balance on the control

volume yields the following governing equation.

32T 32T
K6 —P +Ks —P4+ g- T -T.) =0
P Pox PP 5y UL(Tp = Ta) (4.1)
y T = T
where p p (x, y)

Introducing dimensionless variables

y-* = Y/L
* e
T (x*, y*) = B
P 0



Where

(Fpxy) = T s/up

,h
oot
~
—
b
-
~
—
]

and Ol’,i = Hl’,i - I:I - S/HI.]

Equation (. 1) now becomes

.)"'l"; ‘ ;}"l*} '
B I ST TR = (4.
DX 9 oy® I
- D
where o= “...1,,_,_ I ). lI
. “| (W‘) I))
Q7 = e
k.S
P p

Equation (1..2) is the governing differvential cquation

For the absorber plate.
Fluid Inside the Tube

An encerpy balance on the (luid element Ay shown in

Figure 2.2 yiclds
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ar
or  wc, —L =t =D yy _r 3w (4.4)
p dy P 2

where Tf = Tf(y)

Introducing dimensionless variables

6
Th = af . where 8.(y) = {Te(y) - T, - S/Uj}

Equation (4.4) becomes

. dT*

mCp £ o [T (1, y*) - T% (y")1 /R (4.5)
Rearranging
dT? '
—= + fT% - f T* (1, y*) = 0 (4.6)
dy* £ P

where f = L/R mCp

This is the governing differential equation for the

fluid.
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Boundary Conditions

For the absorber plate region, ther¢ arc three
homogeneous and one non-homogeneous boundary conditions.
In an evacuated tubular collector, we can assume that
the heat loss at the boundaries y = 0 and y = L and at
the sides of the plate is negligibly small. Also the
boundary x = 0 is the midpoint of plate between two
adjacent tubes, Symmetry requires that the slope of
the temperature be zero at this boundary. The non-homageneous
boundary condition at x = (W-D)/2 is given by an
energy balance on the tube base region. These boundary

conditions can now be expressed as:

1. At y

0 P -9 (4.7)

2. At y = L S (4.8)

3. At x = 0 —P -9 (4.9)
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3T
- 2k 6§ —P *D {S - U, (T_(W-D,y) -T.)}
L a
L PRI S P
= Up 52, y) - 1 R 4.10)

The fluid boundary condition is given by specifying

the inlet fluid temperature, i.e.,
5. At y = 0 Tf = Tf,i (4.11)

Non-dimensionalizing the variables, the boundary

condition can be rewritten in the following way:

AT*
1. At y* = 0 —L2 = | (4.12)
. oy*
aT* .
2. At y* = 1 —L2 = (4.13)
oy*
AT*
3. At x* = 0 —L2 = (4.14)
ax*
4. At x* = 1
AT*
+ (g + h) T* = gT¥ (4.15)
ox* p
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W-0D K. 6 R
where g ( Y/w p 5o

=2
|

= DU, (W - D)/4K_ 6§
LW - DI/AK 8

And for the fluid

5. At y* = ¢ T? = 1 (4.16)
Temperature Distribution of the Absorber Plate
The dimensionless, linear and homogeneous
differential equation obtained in equation (3.2) is:
32T* 32T*
—P + p2 __p _ Q2 T* = ¢ (4.2)
9x*2 dy#*2 Y .

We now seek a solution by the method of separation of

variables.

Assume a product solution of the form

T; (x*, y*) = X(x*) Y (y*) (4.17)
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and substituting into equation (4.2)

" "
;‘— + P2 . o2 = (4.18)
n
or = - Q= -p == 2l (4.19)

where :A? is an arbitrary constant. Here the sign of
A? must be chosen such that the homogeneous y*-direction
results in a characteristics-value problemclg), hence

+A? is suitable to this problem.

Finally, we have the problenm separately expressed

in the x* and y*-directions as follows:

oo 2 = a2 ‘ (4.20)
-ZI:'= 2 :
P T A (4.21)
Rearranging
2
Y' + A* Y = 0 (4.22)

X" - -sz = 0 (4.23)
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where A#*

The

general solutions to these two ordinary

differential cquations are

Y(y*) = A Cos(\*y*) + B Sin(i*y#*) (4.24)

X(y*) = € Sinh(yx*) v D Cosh(yx¥*) (1.25)

The form of

now bhecome

T* (x¥%, y*)

P

solution assumed in cquation (J1.17) will

1]

(A Cos(A*y*) + B Sin (A*y*)) (¢ Sinh (yx#)

+ D Cnsh(y x¥)) (1.20)

Application of the homogencous boundary conditions (1) and

(2)

dy
d)’*

Bquation (

0 and ﬁ) (0

kT
y* = () dy vE = ]

’

1.20) yields a family of solutions, i.c.,
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Yn(y*) = An Cos A; y* n=20,1, 2,.... (4.27)

where A; = A /P = nm and An is an arbitrary constant.

Applying boundary condition (3).

dx
dx*

[} !
o o

x*
to equation (4.25) yields
) = *
Xn(x ) En Cosh (yn x*) (4.28)

where Y, = Azn + Q2

Equation (4.26) can now be written as

% %
* * %) = *
Tp (x*, y*) E=$nEn Coshynx Cqslny
* % = ¢ % *
or Tp (x*, y*) nEO C, Cosh Ynx* Cos A nY (4.29)

Where Cn represents the product AnEn' Cn's are still unknown
and have to be determined using the fourth non-homogeneous
boundary condition. Equation (4.29) gives the plate

temperature distribution.
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From equation 4.15 the fourth boundary condition

is

aT*
* (g + MTE (1, y*) = g TRy (4.15)

s * %
= C, Y, Sinh Y, Cos ALY (4.30)

Q
el
*
=
[]
(o)

Substituting equation(4.30)in quation(4.15)gives

ngo Cn {Yn Sinh Y * (g + h)Cosh.Yn} Cos A; y*

= gT§ (v*) (4.31)

An expression for T%, which is the temperature distribution

of the fluid has to be substituted before Cﬂs can be

evaluated.

Temperature Distribution of the fluid

The dimensionless differential equation of the

fluid obtained in equation (4.6) is:
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dTE
— + f T% - £ T*(1, y*) = 0 (4.0)
dy* P

Using equation(4.29), quation (4.6) can be written as

dT#* |
—f . ¥ T2 = £% ¢ Coshy, CosAty*  (1.32)
dy* n=0

The solution to this differential equation using

the method of integrating factors is:

-fy* e IY*
T¢(y*) = e Y1 ® C, Cosh Yn{————————-
n=0 (£2 + A*;)
* 3 vk
(f cos ALY* + A% Sin ARY*) } + F ] (4.33)
Applying the boundary condition
% = "k =
At y 0 T 1
We obtain
F=1 -nfo CpCosh v /(1 + g2) (4.31)
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where £y, = A;/f

Substituting the value of F in equation(4.33)gives fluid

temperature distribution as

- C_ Cosh vy
T (y*) = e Y* 4 ¢
n=0(1 + E;)

2 { Cos Aiy* + £ Sin Aty#
- e Iyt (4.35)

The coefficients Cﬂs can now be evaluated

substituting equation (4.35) in equation(4.31)

5 [ i Ky =
E €, Y,Sinh Y, * (g + h) Coshy } Cos Ay

n=0

C_Cosh
g [e—fy* s 9 n Yn

* %
————— {Cos A*y* + [ SinA_y

- efr*yy (4.36)

Rearranging

. -fy*
. . kyk ky%
g C [VnCosA;y* u_{ Cosaky* + £ ,Sin)ty e }]

= ge IY* (4.37)
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S fyt
or 50 C, o, (y*) =g e £y (4.38)
n=

where Vn YnSinhYn + (g + h) Coshyn

Coshy
u, =g —2
1 + En

vk
and ¢n(y*) = Vn CosA;y* - Un{ CosA;y* + EnSinA;y* - e £y }

The problem is to choose C)s so that equation(4.38)
is satisfied identically. Because the functions ¢n(y*)
are not orthognal, the Cﬁs cannot be obtained by a

Fourier series analysis.

In the computations an approximation is made by

(20)

means of collocation scheme to obtain these constants.

The scheme is discussed in Appendix A.

The plate temperature distribution is now given by:

% = E3 % *
Tp(x »V¥®) Tp(x ,Y*). ef,i + Ta + S/UL (4.39)

and the fluid temperature distribution is given by:
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Te(y®) = TEO*) 8¢ 4

i v Tyt S/UL (4.40)

Average Absorber Plate Temperature

An expression for the average plate temperature
can be obtained by integrating the plate temperature

distribution over the whole area of the plate.
The temperature distribution of the absorber

plate as given by equation(4.29)is:

® = & ] ® *
Tp Co CoshQx* + nglchoshynx Cosln Yy (4.29)

Integrating this expression over the whole area of the

plate
T;m = ’61 {)1 Tl‘§ (x*, y*) dx* dy* (4.41)
or
* = 1n
Tpm = § § [Co CoshQx* +n§€“ Coshy x*CosA*y*] dx*dy*
C,5inhQ
Tn = — @ — (2.42)
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The average plate temperature is given by:

T = T*

pm pth 6f,i * TA * S/UL (4,43)

Average Fluid Temperature

An expression for average fluid temperature can

be obtained using equation (4.35) as:

T = £ TE(y*) dy* (3.44)
or
} CFuk w C,.Coshy
T?m = g'[e fy* . (1 - e £y JC_ CoshQq + ¥ -L___ N
o =~ 2
n=1 (1 + g})
{CosA;y* + gnSinA;y*'- e-fY*}]dy*
or

~3
%
!

tn % [(1 - e-f) + {f - (1 - e-f)} C, CoshQ -

L R TOED S 3 (4.45)

The average fluid temperature is now given by

fm = TEn O£,i* Ta * S/U (4.46)



CHAPTER V

DISCUSSION OF RESULTS, CONCLUSTONS
AND RECOMMENDATIONS

In this chapter, the cffects of various paramcters
on the temperature distributions and instantancous
collector efficiencies are discussed considering a
single cylinder. All the simulations were carried out
using typical basceline conditions piven in Table 5.1 and
taking water as a circulating Cluid. The results presented will

include o comparvison to the HWB (Hottel -Whillier Bliss) model

Plate Temperature Distribution Parallel to the Tube

The encergy transferrved to the fluid will gradually
heat up the fluid causing a temperature gradient to
exist in the direction of flow. Since }n any region of
the plate, the temperature distribution is poverned by
the local temperature level of the (luid, a situation as

shown in Figure 5.1 exists. Observe that the temperature

of the platc midway between the tubes (i.c. @ x* = 0)
is higher than at the root (i.e. @ x* = 1) of the plate.

The temperature proliles are almost lincar.

Plite Temperature Distribution Normal to the Tube

The temperature distribution of one-hall the plate

between two tubes is shown in Figure 5.2. Some of the solar



Table 5.1

Base-Line Conditions

Solar Radiation on a Tilted Surface
Ambient Temperature

Wind Speed

Fluid Inlet Temperature

Mass Flow Rate

Absorber Lehgth

Center-to-Center Tube Spacing

Plate Thickness

Outside Diameter of Flow Channel

Thermal Conductivity

1100 W/m
20°C

5 m/s
35°C

0.02 kg/s
2.0m
0.05 m
0.0008 m
0.007 m

210W/m%K

51
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energy absorbed by the plate must be conducted across

the plate to the region of the tubes. Thus the temperature
midway between the tubes will be higher than the
temperature ncar the tube basce region. Observe that the
difference between the center line temperature and
temperature at the tube base region is greater at the

inlet end (i.c. @ y* = 0) than at outlet cnd (i.c. @ y¥ = 1).
I'sotherms of the Collector Plate

Since the tcﬁpcrururc distribution ol the absorber
plate obtained in this‘nﬁnlysis is two-dimensional, it
can be best illustrated by drawing the isplhvrnm. Fipures
5.5 and 5.4 shows the isotherms ol an absorber plate
for two different values of mass low rate. The isotherms
arce highly dependent on the mass (low rate. It is interesting
to note that at high low rate the isotherms are becoming
nearly parallel to the water tube and grudﬁully becomes
normal to the tube for very low [low rate. This means that
at lower flow rates the isotherms show a substantial
component of heat flux parallel to the water tube which

is not accounted for in the I1IWB model.

Liffect of Tube Spacing on Plate Temperature Distribution

Figure 5.5 illustrate the effect of tube spacing

on the plate temperature distribution parallel to the
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tube. Observe that wider tube spacing results in higher
plate temperatures due to an increase in the total
amount of energy absorbed by the plate. Figure 5.6

show the effect of tube spacing on the platc temperatyre
distribution normal to the tube. Observe that wider

tube spacing results in higher temperature gradients
which is due to an increase in the thermal resistance

of the plate.

Effect of Tube Spacing on Outlet Fluid Temperature

Figure 5.7 illustrate the effect of tube spacing
on outlet fluid temperature. Observe that an increase
in tube spacing results in an increase in the fluid outlet

temperature.

Effect of Flow Rate on Fluid Temperature Distribution

The temperature distributions of the fluid inside
the tube are shown in Figure 5.8 for various mass flow
rates. Observe that the temperature profiles are linear
for all the three flow rates. Note that for a given
length of tube an increase in mass flow rate results in

a decrease in fluid temperatures.

N
Effect of Flow Rate on Fluid Qutlet Temperature

Figure 5.9 illustrate effect of mass flow rate

on outlet fluid temperature. Broken line shows the outlet
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temperatures obtained from HWB model and continuous
line shows that obtained from two-dimensional model.
Observe that outlet fluid temperature obtained from
two-dimensional model is lower than that of HWB model.
This shows agreement with the results presented by

Phillips(10)

. Axial conduction in the absorber plate

causes a flow of heat in the direction opposite to the

flow of fluid. This results in a reduction of the

fluid outlet temperature. Thus, fluid outlet temperatures
predicted by HWB model neglecting axial conduction are
higher. Note that the difference in fluid outlet temperatures
become very low at higher flow rates. The reason for this
trend can be seen by examining the isotherms in the fin,
Figures 5.3 and 5.4 as predicted from the two-dimensional

model. At high flow rate the isotherms are nearly parallel

to the water tube as assumed in the HWB model.

Effect of Fluid Inlet Temperature on Efficiency

Figure 5.10 illustrate the effect of increasing
the fluid inlet temperature on instantaneous collector
efficiency. Collector efficiency decreases as the fluid
inlet temperature is increased. Because high fluid inlet
temperatures results in high plate temperatures, giving
rise to increased losses and lower efficiencies. This
figure also presents a comparison of collector performance

between HWB model and two-dimensional performance model. "
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It is observed that the discrepancy between the two
curves is about 3 percent. This can be attributed to
dilferences in the predicted {in and (luid temperature
distributions discussed in the preceding scction. Figure
5.11 shows variation ol efliciency with average plate

temperatures.,

LEffect of Flow Rate on Collector Efficiency

The effect of mass Clow rate on clfliciency is
shown in Figure 5.12. The (igure illustrates the strong -
inlluence ol mass (low rate on follcctor elliciencies.
As the mass Flow rate is increased the collector perlormance
increases and cventually approaches a maximum value
asymtotically. Observe that the discrepancy between the
two curves is more at low {low rate and pgradually decreases

as the flow rate becomes high as should be expected.

Llffect of Tuhe Spacing on lLifficiency

Figure 5.13 illustrate the effect of tube spacing
on collector efficiency. Observe that decrease in tube

spacing results in an increcase in efficiency.

liffect of Collector Length on Eflicicency

Figure 5.14 show the effect of collector length on

efficiency. As collector length increases efficiency decrcases.
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Effect of Plate Thickness on Efficiency

The effect of plate thickness on efficiency is
shown in Figure 5.15. The curve in Figure 5.15 is obtained
by changing plate thickness keeping thermal conductivity
constant. Observe that plate thickness has very little
effect on efficiency. So the plate thickness could be
reduced considerably with no detrimental effect on

performance, and an obvious decrease in material cost.

Conclusions and Recommendations

Evacuated tubular solar collector has been analysed
considering two dimensional effects in the absorber plate.
A two-dimensional model has been compared to the HWB model.
Differences in the model of the heat transfer process in
the absorber plate contribute to differences in predicted
collector performance. Predicted temperature distributions

are in agreement at high flow rate, and the isotherms

structure indicates substantial heat flux parallel to the

water tube at low flow rate. Correspondingly the discrepancy

in performance between the two models is low at high flow

rate and increases at lower flow rates.

A parameter study indicated that thinner plates would

not sacrifice performance. Increase in tube spacing or

length increases fluid outlet temperature and decreases
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efficiency, but it is more efficient to increase outlet
fluid temperature by increasing length rather than water

tube spacing.

The anélysis made in the present study is
specifically for an evacuated tube which uses flat
plate as its absorbing surface. It can be modified
for other designs of evacuated tube solar collectors.
Using the two dimensional performance model, collector
parameters can be optimized on the basis of least cost

per unit of energy absorbed.
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COLLOCATION SCHEME

We select as many locations (y*'s) as there
are undetermined parameters (Cn's) and then adjust the
parameters until the residual vanishes at these locations.
The presumption here is that the residual does not get
very far away from zero in between the locations where

it vanishes.

Equation (4.38) can be rearranged to form

equation residual R(y*) as follows:

[N

ROy§) = [z C ey (Y;‘)] v o |

n=o0

i=1, 2,3, ... K+1
- fy*

where y(y*) g e

In the present study, using collocation scheme
with (K + 1) = 51 no significant changes in fluid outlet
temperature were found. Hence in all the simulations

the infinite series was truncated at 51 terms.



