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1. INTRODUCTION

The primary purpose of this thesis is to investigate
the thermal performance of the evacuated glass tubular
collectors of the type currently being manufactured by
Owens-I1linois, Inc. when air is used as the working fluid.

The all glass, selectively coated evacuated tubular
collector presently manufactured by Owens-Illinois is of
unique design and differs significantly in its operation
from the conventional flat plate solar collectors fre-
quently used for residentiai heating and cooling purposes.
Figure 1.1 is a diagram of a single collector tube. The
individual collector element consists of two concentric
cylindrical glass tubes. The outer tube, or cover tube,
is transparent; the inner tube or absorber tube has a
seiective coating on its outer surface. The cover tube
and absorber tube are sealed together at one end with the
annular space between the tube evacuated to eliminate con-
vection losses from the absorber tube. The heat transfer
medium, which can be either air or a liquid, is introduced
into the collector tube by the use of another tube, the
delivery tube, inserted inside the absorber tube. Figure
1.2 shows how the collector tubes are usually installed.
The collector tube assemblies are placed in arrays above

a reflecting backing surface with the tube axes parallel
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to each other and parallel to the surface. The collector
tubes in a typical array are usually spaced apart with
clearance between adjacent tubes and clearance above the
backing surface. Dufing collector array operation, solar
radiation is received directly on the collector tubes, and
additional radiation is also intercepted by the tubes after
being reflected off the backing surface, particularly when
the backing surface has a high reflectance for solar radia-
tion. When a liquid is used as the working fluid, a single
delivery tube is shared by two collector tubes that are
butted together. The fluid is introduced into the annulus
formed by the absorber tube and delivery tube, flows down
to the end of one tube assembly, reverses directions and
flows back through the delivery tube té the end of the
other collector tube, again reverses direction and exits
through the annulus in the second collector tube assembly.

Because this type of collector is quite new, very few
‘design "rules of thumb" have been deveioped when air is
used as the working fluid.. Some of the possible design
parameters that can affect collector array output and that
will be investigated are::

1. Collector tube spacing in an array

2. Collector array orientation (i.e., collector back-

ing surface tilt, and the tube orientation above the

backing surface)



3. Methods of collector tube manifolding

4. Flow rates used in each collector tube

5. Diameter and material used for the delivery tube.
Additionally, because a numerical model of the collector
array pefformance is needed for use in simulating the
Arlington House, consideration must be given to finding
simple models. This simple model is needed for long term
simulations to decrease the computational effort required
in predicting the performance of the total system. This
requires looking closely at the internal heat transfer
mechanisms in a collector tube assembly with the expecta-
tion of making simplifying assumptions about the heat trans-
fer and bounding the possible error that results when these
assumptions are made.

An analysis of the performance of a tubular collector
array using a 1iquid as the heat transfer medium was done
by Beekley and Mather [1]. Their work and the experimental
results reported by Simon [2]. base the collector array
efficiency on the area of the backing surface above which
the collector tubes are installed. The instantaneous effi-
ciency, defined as the ratio of useful energy outﬁut of the
entire array to the solar radiation on the:projected»backing
surface area, =. changes as the sun's position in the sky
changes during-the.day. Another definition of efficiency,

the definition used in this work, is the ratio of the use-



ful energy output of the collector tube (or a series
connected tube pair) to the total radiation incident

upon the tube(s). With this new definition it is

possible to separate the effects of the collector array
geometry and array orientation,.which determine the mag-
nitude of the incident radiation that reaches each tube,
from the thermal performance of a collector tube assembly.
Separating the thermal performance from the incident radi-
ation on each collector tube allows the independent treat-
ment of many of the different design parameters on the
total array performance that might otherwise be masked if
the incident radiation and the thermal performance are
investigated simultaneously, as &as done in the liquid stu-

dies.



2. INCIDENT RADIATION ON A COLLECTOR ARRAY .
2.1 Angular Relationships

The insténtaneous solar radiation intercepted by an
array of the tubular collectors mounted above a diffusely
reflecting backing surface is a function of backing sur-
face tilt, latitude, time of day, time of year, collector
tube orientation, collector tube spacing, backing surface
properties, and the instantaneous valués of beam and dif-
fuse radiation falling on the collector array.

It is possible to define a special incidence angle @,
that includes the effects of declination, latitude, slope
of the collector backing surface from horizontal, hour
angle of the sun and rotation angle of the collector tubes
from a north-south meridian projection on the collector
array backing surface. Referring to Figure 2.1.1 it is
seen that o is the projection of the sun's beam radiation
measured from vertical in a plane normal to the longitudinal
a#es of the tubes when the tubes are parallel to the collec-
tor array backing surface. & is a ficticious incidencé |
angle and is different from the actual angle of incidence
of the beam radiation, 6y, also shown in Figure 2.1.1.

It can be shown that for all orientations of collector
tubes where the normal to the collector array backing sur-
face is in the plane of the local north-south meridian

(i.e., ¥ = 0, v being the surface azimuth angle as defined
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by Duffie and Beckman [3]1):

Q = tan_l[il] 2.1.1
y ,
where x' = cos6sinmcosw-sinw[cosésin(¢—s)cosw—cos(¢—s)sin6]
y = cos(¢-s)cosscosw+sin(6-s)siné
§ = declination of the éun
¢ = 1atitude of the collector array
s = slope of the collector backing surface from
horizontal |

w = hoﬁr angle of the sun
y = rotation angle of the tube axis measured counter-

clockwise from the projection of the north-south
meridian in the plane of the collector array

backing surface (north = 0)

The relationships given in Eq 2.1.1 are derived in
Appendix 1. The sign conventions for 8§, s, ¢, and w are
the same'as used in Duffie and Beckman [3].

For an ofientation of the tube axis along the north-

south meridian projection, @ becomes

. -1 cosésinw
4 = tan [cos(¢-s)cos§cosw+sin(¢-s)sinG] 2.1.2
For an east-west orientation of the tube axis,

_ -1,cos(¢-s)siné-cosdsin(¢-s)cosw
& tan [cos(¢~s)cos§c05m+sin(¢—s)sinél 2.1.3
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There are several advantages of using the angle Q.
This single angle determines the location of the illumi-
nated "window" on the backing surface during the course
of the day as the sun's apparent position in the sky
changes. It will be shown that by knowing the angle @
and the instantaneous beam and diffuse radiation falling
on an unobstructed flat backing surface of the same size
and orientation as the collector, it is possible to deter-
mine the total instantaneous radiation received by the

collector tube array for any arbitrary tube spacing.

2.2 Components of Solar Radiation Received by a Collector
Tube Array |

An array of. tubular collectors intercepts both beam
and diffuse components of radiation; the circular symmetry
of the collector tubes allows radiation to be absorbed
around the entire periphery of the tube. When the collec-
tors are installed in an array above a backing surface with
a high reflectance for solar radiation, the portion of beam
and diffuse radiation reflected off the backing surface and
intercepted by the tubes can be a significant fraction of
the total fadiation absorbed by the collector tubes.

There are four diffefent components of solar radiation

that will be considered for the general cases where the
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tubes are not glose-packed:

1. Beam radiation directly intercepted by the tubes.

2. Beam radiation which passes between tubes and is
reflected off the backing surface and is intercep-
ted by the tubes.

3. Diffuse radiation from the sky and reflected from
the ground that is directly intercepted by the tubes.

4. Diffuse radiation which passes between the tubes
and is reflected off the backing screen and inter-

cepted by the tubes.

For simplicity of analysis it will be assumed thét the
backing surface is an entirely diffuse reflector for solar
radiation. It will also be assumed that the diffuse compo-
nent of solar radiation that is available for collection is
distributed uniformly across the 'sky' as seen by the
collector array. The tube érray will be treated as if it
were infinitely long and infinitely wide in comparison to
a single tube diameter. By knowing the total radiation
that hits the entire tube array the incident energy per
tube can be found by dividing the total radiation by the
number of tubes. In addition, angular dependence of the
physical properties of the tube array, such as the trans-
mittance of the glass cover tube, absorbtance of the absor-

ber tube, reflectance of the backing screen and multiple
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reflections of radiation components will be ignored. These
are the same assumptions used by Beekley and Mather [1] and

Simon [2]..

2.3 Total Beam Radiation Directly Intercepted by

Absorber Tubes

Using the terminology of Duffie and Beckman [3], Hy
is the beam radiation intensity (energy/unit area) on a
horizontal surface and Ry is the correction factor for con-
verting beam radiation on a horizontal surface to beam
radiation incident on a tilted surface. The beam radia-
tion incident on a tilted surface is HBRB and is incident
at angle O It is convenient to define another quantity

SB where

HBRB SB = Cosn

th

SBcosQ

SB is then a fictious solar flux in the same plane-as angle Q
that gives the correct beam radiation intensity received by
the tilted surface. This definition is made only for con-
vénience as it allows both beam components to be specified

in terms of the apparent incident angle @. Referring to
Figure 2.3.1 it can be seen that the circular shape of the
absorber surface preseénts a constant intercept area for

beam radiation that is independent of sun position until
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shading of one tube by its neighbor occurs. The total

beam radiation intercepted by all the tubes is then:

SBDNL - when no shading occurs 2.3.2a
SBCNLcosQ - when shading occurs 2.3.2b

When shading occurs, the beam radiation intercepted is
the same as that intercepted by a flat plate'of the same

area as the backing surface of the tube array.

2.4 Total Beam Radiation Diffusely Reflected Off Backing
Surface to the Tubes

For the times of the day when no shading of adjacent
tubes occurs, some of the beam radiation passes between
the tubes and strikes the backing surface, creating a uni-
formly illuminated strip of width W, and spanning the posi-
tion coordinates from Xq to X, (seé Figure 2.3.1). Restrict-
ing the analysis at present to opaque clinders with the sun

at apparent incident angle @, if:

C center-to-center cylinder separation

D

cylinder diameter
Db = distance to backing surface measured from center

of cylinder
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then
_ _ D
W=2¢C <550 2.4.1
X, = D + D taﬁﬂ 2.4.2
1 cos® b
Xy = Xt W _ 2.4.3

and defining
pp = diffuse reflectance of the backing screen for
solar radiation
Fot = view factor from illuminated strip to all the
tubes

then the total beam radiation diffusely reflected off the

backing surface and intercepted by the tube is

SBCOSQWLNpBFW_t | 2.4.4

2.5 Total Diffuse Radiation Directly Intercepted by the
Tube Array
Let Sp be the intensity of diffuse radiaticn assumed
uniformly distributed across the sky. The total diffuse
radiation directly intercepted by the tubes in SDAst—t
where As = sky area

Fo g ~ view factor from sky to the ‘tubes:
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By reciprocity relationships:

Ast-t - AtFt—s
where At = area of all tubes
Ft;s = view factor of one (or all) the tubes to the
| sky

Because each tube "sees'" two other tubes, the sky and the
backing surface, and assuming that the view factors from
the tube to the sky and the tube to the backing surface

are equal for a wide enough array we can write:

2F, ¢ * ZFt—s =1
where F._ = view factor from one tube
to the sky
_ 1
Fios =77 Frot ,
Fi ¢ view factor from one
tube to another tube.
Ft~t can be evaluated directly using Hottel's crossed and

uncrossed strings method [4]

i =1.Dy.r G2 1,1/2_C;

Ft—t [sin (E)+[Cﬁ -1] . 5]/ﬂ 2.5.1
then

F, . = Lisin @211t 25/ | 2.5.2
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and the total diffuse radiation directly intercepted
becomes

STDNLF, __ 2.5.3

2.6 Total Diffuse Radiation Which Passes Between Tubes

and is Reflected Off Backing Surface to Tubes

In general, the radiation intensity across a screen is
not uniform when the tubes are diffusely illuminated from
above. The total diffuse radiation reaching an incremental
area dA on the backing surface'is

2.6.1

SDAdeS“dA

where A, = sky area
dF . _4qp = differential view factor from sky to
incremental area.

Using reciprocity relationships

= dAF

Ades-dA dA-s

where Fip-s = view factor from incremental area on
backing plate to the sky
because the incremental area '"sees'" only the sky and the

tubes

1 - Fapeg = Fapa-¢ = View factor from incremental area

on backing plate to all the tubes
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The total diffuse radiation which passes through the tubes

and is reflected off the back to the tubes is

Spop f(FdA_S)(l-FdA_S)dA 2.6.2
back
Because of equal tube spacing and view factor symmetry

equation 2.6.2 can be written as

Reflected diffuse =

C
S NL I(FdArsq.(l-FdA‘_s)dx 2.6.3
(4]

2.7 Converting Total Radiation on a Tilted Surface to
Total Radiation Intercepted by the Tubes
The total fadiation received by all the collector
tubes is the sum of the directly intercepted beam radia-
tion, the beam reflected off the backing surface, the
directly intercepted diffuse radiation and the diffuse
radiation reflected off the backing surface.

Combining equations 2.3.2, 2.4.4, 2.5.3 and 2.6.3

S =S DLN+SBCOSQWLNpBF 2.7.1

TOTAL BEAM B w-t

C
Storar pirruse - Sp"PNEFes SDNL"Bf(PauL\-s)(1'FdA-s)dX

o 2.7.2
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The total beam radiation which hits an unobstructed flat
plate of the same inclination and backing area as the
tube array is SpCNLcosQ. The total diffuse radiation
which hits an unobstructed flat plate of the same inclina-
tion and backing area as the tube array is S,CNL. The
ratio of the total beam radiation which is received by
all the collector tubes to that received by an unobstructed
flat plate of same inclination and back area as tube array
is: .

S_DLN+S cosQWLNpBF | (no shading)

B B w-t 2.7.3a

SBCNLcosQ

When shading of adjacent tubes occurs, no beam radiation
reaches the backing surface and the ratio becomes
SBCNLCOSQ (shading)

= 1 2.7.3b

SBCNLcosQ

and similarly for the diffuse radiation the ratio becomes

c .
SDwDNLFt_S+SDNLpBAjM(FdA_S)(1‘FdA_S)dX

SDCNL

2.7.4

It is convenient to define these two ratios as RB’ and

RD', respectively:
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RB' total beam radiation received by the tubes

total beam radiation incident upon an unobstructed
flat plate of same backing area as array and having

the same inclination as the array.

RD‘ = total diffuse radiation received by the tubes
“total diffuse radiation incident upon an unobstruc-
ted flat plate of same backing area as array and

having the same inclination as array.

then:
D+p,cosQWF
Ry' = — w-t 2.7+ 5a
C cos@
(if no shading occurs)

RB' =1 (when shading occurs) 2.7.5b

and
C.A
Ry' = ™Ftos + OB hf(FdA-s;”l'FdA-s”dx 2.7.6

C
It should be noted that when the assumption is made that
the diffuse radiation is uniformly distributed across the
sky, RD' is a function only of tube array geometry and is

independent of sun position and angle .
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2.8 View Factors and Simplifications

In order to determine the amounts of beam and diffuse
radiation hitting the tubes the viewvfactors F. ¢ and
FdA—s are required. Although an analytic expression for
Fw—t can be derived by direct application of Hottel's
crossed-string method, it would require summing the view
factors from an individual strip to all the tubes. Some
of the tubes seen by the illuminated strip are partially
obstructed by other tubes, while the view of some of the
tubes is unobstructed. Calculating the view factors from
a strip to the unobstructed tubes is relatively straight
forward, but calculating the view factor to the partially
obstructed tubes is considerably more difficult. However,
Fw-t is the mean view factor of the area, W, to the tubes
when the view factor FdA-t is integrated along the strip

width:
fx(z £)d
= X
Fw-t = 2.8.1
[Xz - Xl]

and because Fq, . = 1-Fqp-s

-1 f(l Fyp.g)dx 2.8.2

The view factor, FdA—s’ can be obtained directly by apply-
ing Hottel's method of finding view factors from infinitesi-

mal strips [4], a modification of the crossed and uncrossed
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strings method. Although this method for evaluating
Bt does not seem to be much of an improvement, because
it requires an integration that usually must be done
numerically rather than analytically, for many geometries
of interest the view factor FdA—s does not vary appreciably
across thé screen and F . will be almost constant and
independent of the illuminated strips position.

Figure 2.8.1 shows the view factor from a differen-
tial area on the backing screen to the sky, FdA-s’ for
a '%,ratio of 2.0 and different backing screen distances.
It is interesting to note that as D, the distance from
the backing screen increases, the variation in Fy, ¢
along the screen decreases and tends to approach a constant
valge. By implication, the variation of FdA—t also
decreases. Investigation of this view féctor variation
- across the screen for different geometries shows the
following:

when % <. 2.0

D
and T? > 1.5 the value of Fy, . everywhere along the

screen is quite close to the value of Fp—t’ the view fac-

tor from the whole backing surface to all the tubes.

when % > 2.0

Dy > 0.75
C
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FdA—t again everywhere approaches the value of Fp~t'
From Hottel and Sarofim [4],

1
P,y = Blr/2-Gin @R 1) 2.8.3

Figure 2.8.2 shows F as a function of C/D. The

p-t _
general trend is as expected: the fraction of diffuse
radiation leaving the backing surface and directly reach-
ing the tubes decreases as C/D increases.

For a fixed distance of the absorber tubes to the back,
the variation of the 1oca1 view factor Fg, . increases as
the center-to-center distance is increased. Figures 2.8.3
and 2.8.4 show this variation. Figuré 2.8.4 shows .the
ratio of the local view factor, F,, , to the view factor
Fp~t’ the view factor from the entire backing surface to
all the tubes for differeht C/D ratios. It should be

noted that the areas under all three curves in Figure

2.8.4 must be the same and correspond to
1 - ‘
oJf%dA-tdCE)

Fp-t

This provides a good check on the accuracy of the method
used for calculating the view factor Fia-s? because the
value of Fp—t can be arrived at by use of Eq. 2.8.3, a
totally different application of Hottel's crossed and

uncrossed string method.
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For the caseé of arbitrary tube geometry, the ratio

Ry' is a function of the sun's position (angle @), .which
determines the location and width of the illuminated strip,
and the magnitude of the local view factor Fy, . integra-
ted over the strip. RD' is, however, independent of the
sun's position (within the limits of the assumptions made),
and is constant if the tube geometry is specified. For
those tube spacings where the local view factor FdA_Sdoes
not vary significantly with position on the backing sur-

face, eds. 2.7.5 and 2.7.6 can be simplified:

Xz
Replacing _/El-FdA_S)dx by (W)(Fp—t)

and knoﬁing

- then

D ]+ D 2.8.4
cosf C cos@

I -
RB pBFp~t[1 .

2.7.6 can be modified in a similar fashion assuming
A F

Sp s ppt . Cogp
Ft—s Ff—p? mD Fp-t

T

after rearrangement

)] 2.8.5

1 = -
Ry B¢ [1+op(1-F

p-t
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Equations 2.8.4 and 2.8.5 can be used without introducing

significant error when

b > 1.5 d C < 2.0 h
—ﬁ- > . an *ﬁ' < . or when
D

b ' C '
—C—-Z_ 0.75 and '.D" > 2.0

Figure 2.8.5 shows RB' and RD' with a fixed ratio
‘Db '
T = 1.5 for different center-to center spacings and

different angles @. For any specific tube spacing the
value of RB' is lowest when @ is zero and increases with
increasing @ until RB' becdmesfl,at which time shading of
adjacent tubes occurs and no direct beam radiation is
received on the backing surface.

Figure 2.8.6 shows RB' for a % ratio of 5.0 with dif-

Dy, .

T?’ plotted

against angle @. This graph illustrates several interest-
Dy
ing points. Cqmparing the curves for T = 0.5, 1.5 and

ferent distances from the backing surface,

4.0, it is seen that for values of @ less than 45°,
decreasing the backing plate distance decreases the value
of RB', thereby decreasing the total amount of beam radi-
ation reaching the tubes. For any set of points where
the angle @ is constant, the strip width on the backing
surface is also constant. The Variation in RB' values

is then due entirely to the variation of the local view
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factor Fy, _¢ across the illuminated strip. Referring
again to Figure 2.8.3, it can be seen that at angles @
near zero, the illuminated strip is located between the
tube centers where the local view factors Fan-t and

strip view factors F__. are the smallest. As’g increases,

the strip is translated sideways along the screen, and

the strip view factor Fot increases as Q increases.
D
The ratio 7? = 4.0 corresponds to one of the tube spac-

iﬁgs where the local view factor Fj, . and the strip

view factor, F _., are essentially independent of strip
position and constant. The characteristic shape of the
Rp' curves for all tﬁbe spacings are similar to that when

EE = 4,0. TFor all tube spacings with constant view fac-
D

tors F__, along the screen, the variation of Rp' is due

t
only to the change in size of the illuminated strip width

W, with changing angle Q.
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2.9 Solar Radiation Flux on a Single Tube
The total radiation received by all the collector tubes

is ST, and is found from

ST = [HBRBRB' + HDRRD']CNL ' 2.9.1

where Hy is beam radiation flux on a horizontal surface
RB is angular conversion factor fbr converting
beam radiation on a horizontal surface to beam
radiation on a tilted surface
HD is diffuse radiation on a horizontal surface
and R is a correction factor for converting diffuse
radiation on a horizontal surface to a tilted
surface. This factor will take on different
forms depending upon the distribution of dif-
fuse radiation and to the extent which the
ground reflectance is considered. (For the
specific form of R see ref. 3)
If it is assumed that the solar radiation on a single tube
is uniformly distributed around the perimeter, then we
can define Seff’ the effective insolation on a single

tube [energy/unit area] as:

S R, R,' + H.RR

C
— ]
eff = [HpRpRp pRRp " 15 2.9.2
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Some general cbmments should be made about this
equation. The solar flux received by a single tube in
a collector array will be affected by the center-to-cen-
ter tube separation distance, the distance the tubes are
mounted above the backing surface, and the time distribu-
tion of the solar radiation incident upon the collector
array (angle @). For a fixed distance of the collector
tubes from the backing surface, Seff will always increase
as the tube separation incfeases. This increase does not
depend upon angle @, but occurs because the decrease in
the fraction of radiation that is reflected to each tube
per unit of backing area (shown by the decrease in RB'
and RD' with increasing tube separation for any angle Q)
is more than offset by the increase in total backing
surface area that reflects beam and diffuse radiation to
the tubes.

When the tube center-to-center distance is held con-
stant, however, and the distance from the backing surface
is varied, the changes in Seff afe dependent upon angle @
(shown by the effect of the backing surface distance on
RB' in Figure 2.8.6). For collector arrays with the tubes
oriented north-south, the maximum incident solar radiation
on the backing surface occurs at the hours near solar noon
(when the hour angle, w, and the apparent incidence angle,

Q, are small). Spacing the tubes far enough above the
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backing surface so that the view factor, F__., does not
vary appreciably across the backing surface, will increase
RB' for these hours, and will increase the fraction of

the total radiation incident upon the array that is inter-
cepted by the tubes. If it is desired to maximize the
solar raaiation received by a single tube for the times
near solar noon, it is clear that this backing distance
should be used! Por tube orientations other than north-
south, the effect of backing distance on the incident
radiation per tube is a more complicated function of back-
ing surface orientation and sun position, and it is not
clear what the optimum spacing of the tubes from the back

should be.

2.10 Diameters on Which to Base Radiation Calculations
A1l of the preceding comments have been based on con-
sideration.of opaque cylinders uniformly spaced above a
diffﬁsely reflecting surface. The actual collector tube
currently being manufactured by Owens-Illinois has a
transparent outer glass cover tube of 53 mm OD, and
an opaque inner absorber tube of 43 mm OD. Basing the
calculations on either the absorber tube diameter, the
outer tube diameter, or a combination of both diameters

is possible.
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An approach that will yield conservative estimates
of all four components of radiation [and the method

apparently used by Beekley and Mather] is outlined below:

1. Base directly intercepted beam on absorber
diameter. |

2. Calculate the width of the illuminated strip
by using the cover tube diameter. This will
tend to underestimate the back reflected beam
component.

3. Base the view factor Fg, . on the cover tube
diameter; this will tend to decrease the amount
of diffuse radiation reaching the backing plate.

4. Base the viewvfactor Fqp_t OB the absorber tube
diameter. This decreases both the back reflected
beam and diffuse components.

5. Base view factor F,__ on the absorber tube diameter.
This will tend to decrease the diffuse radiation
directly intercepted by the tubes.

Note that for this method FdA-s is no longer equal to
1-Fyp-¢» @S the view factors are based on different dia-
meters and tube separations.

The equations for RB' and RD' can be rewritten based

on these different diameters as follows:
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Da+pBCOSQWch—t(a)

R ' CONSERVATIVE ~ T Cosn 2.10.1

<
TTDaFt—s(a)+pB ér(FdA-s)c(FdA-t)a dx
C

1
Rp ' CONSERVATIVE

2.10.2

where the subscripts a and c refer to the absorber diameter
and cover tube diameter, respectively. If we consider the
case where the cover tubes are separated by one tube spac-

D
inglg- = 2.0; and letting ﬁh > 1.5, 2 = 0 and considering
c o

. only beam radiation, then

]
o)
)

c- a Pa _
L= 2.0 2= 2.465 & = 2.465

. = v - ' =
Ry'. = 0.779 Ry', = 0.6855 5 cong = 6411
Getfde _ 000 Seffla | e Ceffloons | gy
HpRp HyRg ApRp

The maximum deviation in S_c, is 8.4% for this example.
' D
The conservative estimate based on an actual -2 ratio of

C
2.465 is bounded by the two cases:
1. Where the flux on the absorber tube is assumed to
be the same as the flux on an opaque tube of dia-
meter equal to the cover tube, and

2. The flux on an opaque tube of diameter equal to

the absorber tube when no cover tube is present.
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This bounding of the beam radiation intercepted by the
tubes applies to all general tube spacings, not just this
example. In a similar manner, the conservative diffuse
contributions can be shown to lie between the values pre-
dicted by using the cover tube diameter only or the
absorber tube diameter only.

Because of the simple nature of the model used for
calculating the effective insolation, it is not clear
which diameter should be used. Ignoring multiple reflec-
tions of the solar radiation, the angular dependence of
the absorptance of the absorber tube, the transmittance of
the cover tube, the reflectance of the backing screen,
and shading due to air ducts and manifolds could introduce
errors considerably larger than those arising from using
an incorrect diameter in the calculations of Seff' In the
absence of experimental data and tests, it seems to be a
matter of arbitrary choice which diameter is used. It is
probably wise to use relationships that give conservative

results for the flux per tube, however.
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2.11 Conclusions and Discussion

The influence of the distance from the backing sur-
face and the center-to-center tube separation on the
effective solar radiation received by a single tube have
important implications for collector array design. For
tubes oriented north-south, placing the tubes far enough
from the backing surface so that the view factor from an
area on the back to the tubes does not vary with position
insures that the maximum reflected radiation will reach
the tubes at those times of the day when the radiation
incident upon the backing surface is a maximum. For
east-west orientations, it is possible to adjust the
seasonal variations in incident radiation by changing the
distance from the backing surface. Spacing the tubes
directly on the backiﬁg surface will decrease the magni-
tude of the radiation received per tube in the spring and
fall and increase the magnitude in the summer and winter

from the magnitudes that are received when the tubes are

_spaced with clearance above the backing surface. This

might be desirable when the greatest loads are required in
the summer and winter and the spring and fall performance

is not as important. In géneral, the effect of the back-
ing distance depends upon the collector -backing surface
tilt, the collector tube orientation on the backing surface,

and will affect the hourly and seasonal magnitudes of the
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solar radiation received by each tube. The optimum back-
ing distance can be expected to change with different types
of solar system applications.

The increase in Seff as. the ratio % increases allows
flexibility in system design. For applications where the
available backing area is large, such as domestic hot
water heating in residences, better thermal performance per
tube can be expected at larger tube spacings. TFor applica-
tions where a large total solar input is reQuired, such as
heating and cooling of houses and buildings, the total load
supplied by a collector array will increase as the tube
separation decreases. This bccurs because as the tube sep-
aration decreases, the number of tubes that can be put
into a finite area increases faster than the decrease in
Seff per tube, hence the total array output increases.

Actual array designs will be dictated by economic
considerations rather than thermal considerations. If
the cost of manifolding or tube supports becomes a signi-
ficant percentage of the total array cost, it is expected
that the optimum tube spacing will be different from the

spacings that give the best thermal performance.
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3. THERMAL ANALYSIS OF A SINGLE COLLECTOR TUBE
3.1 Nomenclature Used in Thermal Analysis

Figure 3.1.1 shows a cross section of a single col-
lector tube assembly with the delivery tube inserted.
Figure 3.1.2 shows the general thermal network‘represent—
ing the heat transfer thaf occurs in an operating collec-
tor tube assembly. The symbols shown in both figures are
defined below:

Dy delivery tube outside diameter

Dgs inside absorber tube diameter
D30 outside absorber tube diameter
D0 outside glass cover tube diameter
Di inside glass cover tube diameter

All perimeters and areas based on these diameters use the
same subscripts, i.e.vAl is the delivery tube outside sur-
face area, P; is the perimeter.
h1 convection heat transfer coefficient from the
air within the annulus to the inside surface of
the delivery tube
h2 convection heat transfer coefficient from the air
within the annulus to the outside surface of the
delivery tube
h3 convection heat transfer coefficient from the air
within the annulus to the inside surface of the

absorber tube
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hrw radiation heat transfer coefficient from the
delivery tube to the absorber tube based on the
delivery tube area Al

hri radiation coefficient from the inside surface of
the cover tube to the outside surface of the absor-
ber tube, based on D,

hrS radiation coefficient from absorber tube to
delivery tube based on absorber tube area, Ag;

U overall loss coefficient of the collector tube
éssémbly based on the outside absorber tube
diameter, D30

Uy overall heat transfer coefficient from the out-
side surface of the delivery tube, to the air
within the delivery tube, based on Dl'
Temperatures:

T1 air temperature

air temperature

T

T3i inside absorber tube temperature

TSo outside absorber tube temperature

TW temperature of the delivery tube outer surface
Ti temperature of cover tube inner surface

TO temperature of cover tube outer surface

Ta ambient temperature

TSky equivalent sky temperature for radiation losses

from cover tube.
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ABSORBER TUBE

COVER TUBE

CoLLECTOR Tuag AssempLy

FIGURE 3.4.4



Ta

buwind Po

bin ( RolRA)
ZUKC

T

T J‘”——‘"%a

THERMAL NETWORK REPRESENTING AN
OPERATING COLLECTOR TUBE ASSEMBLY
FIGURE 3.1.2



45

3.2 Assumptions Made in Modeling the Collector Tube
Performance |
In modeling the thermal performance of a single col-
lector tube, some assumptions are made to simplify the
analysis. These are:

1. Operation is steady state; the thermal capaci-
tance effects of absorber tube, cover tube, delivery
tube, and air within the collector tube assembly
are neglected.

2. Longitudinal conduction along the absorber tube
and delivery tube is negligible.

3. Steady state radial conduction occurs through the
delivery tube walls.

4. The temperature gradient across the glass absorber
tube is negligible (T30=T31=T3).

5. The radiative heat transfer occurring between the
absorber tube inner surface and the delivery tube,
and the radiative transfer between the absorber
tube outer surface and the cover tube can be
modeled as occurring between gray, diffusely
reflecting surfaces.

6. The cbnvection heat transfer coefficients between
the fluid and the inside surface of the absorber
tube and between the fluid and the outside surface

of the delivery tube are equal (i.e., h3=h2, see
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Fig. 3.1.1).

7. All heat transfer coefficients and physical prop-
erties are independent of length.

8. Absorption of solar radiation by the cover tubé
is negligible.

9. Solar radiation absorbed by the outer surface of
the absorber tube is uniformly distributed around
the tube perimeter.

Some of these assumptions, particularly those concerning
the treatment of convection, will be examined in detail in

later sections.

3.3 UL’ Collector Tube Assembly Loss Coefficient
3.3.1 General Expression for UL

The collector tube currently being manufactured by
Owens-I1linois has an evacuated annular space between the
absorber tube and the transparent glass cover tube. It
will be assumed that a total vacuum exists between the
inner and outer tubes, and that no heat transfer by con-
duction occurs between the absorber tube and the cover
tube at the tube ends. Then, the heat lost by the
absorber tube outer surface to the cover tube is entirely

by radiation.
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Figure 3.3.1 shows the thermal network used in solv-
ing for the steady state heat loss by a constant tempera-
ture absorber tube. The two known temperatures are T3 and
T,» the absorber tube temperature and the ambient tempera-
ture. It is assumed for simplicity that the equivalent sky
temperature for radiation losses from the outer glass cover
is the same as the ambient temperature.

Energy balances at the inside and outside surfaces of

the cover tube yield the following equations:

h . (To-T.) 2 e To 74 0 3.3.1
. T.) 4 = .3,
ri~"3 i D; ¥n(D,/D;)
Inside glass cover surface
2 k (T.-T.)
c''i o _
UT(Ta—TO) + = 0 3.3.2

DO Qn(DO/Di)

Outside glass cover surface

where UT = hwind * hr env

hwind = convection coefficient due to wind acting
on the outside cover tube surface

_ 2 2
by env = %o o(Ty" + Ty (T, * To)
o = Stephan Boltzman constant
kC = thermal conductivity of the cover tube

The radiation coefficient is given by
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2 . 2
_ o (T 54T, %) (T+T;)

. 3.3.3
Ti n

Di [1-83
DSo €3

1 i
l + +
Fi3 i

where € -is the long wave emittance of the absorber
tube selective surface
e;%€, emittance of inner and outer glass cover
surfaces
Fi3 view factor from the inside cover tube sur-
face to the absorber tube

T To’ Ti and T3 are absolute temperatures.

a’

Because of the assumption of steady state heat losses
the energy lost by the absorber tube to the inner cover
is equal to the energy lost by the absorber tube to ambi-

ent. These losses can be expressed as

h A (T5-Ty) = UpAg (T5-Ty)
and
U, = hrifty (T57T5) 3.3.4

Azq (TS‘Ta)
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3.3.2 Numerical Results and Resulting Simplifications

Eqs. 3.3.1 and 3.3.2 can be solved easily for the
inner and outer glass cover temperatures if the magni-
tudes of the different conductances are known. The
Values of the radiation conductances hri and hr eny 2T€
temperature dependent, however, so an iterative procedure
is required. The solution procedure used was to guess an
initial temperature for the inner and outer glass cover
temperatures, evaluate the radiation conductances and solve
3.3.1 and 3.3.2 for an improved estimate of the inner and
outer glass temperatures. The iteration was repeated until
the inner and outer cover temperatures were within a speci-
fied tolerance for 2 successive iterations. 3.3.1 and
3.3.2 were solved for the cover tube temperatures and Uy,
calculated by use of eq. 3.3.4 for the following sets of
independently varying conditions:

1. The temperature difference (TS-Ta) varied from

10°C to 300°C

2. T, varied from 0°C to 200 °C

3. Windspeed varied from 0 m/sec to 50 m/sec

The values used for collector tube dimensions, absorber
tube and glass cover emittances are the same as the currently
manufactured 0-I collector tube. These values are:

€558, 0.90

€7 = 0.07
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Di = 0.053 m
DO = 0,049 m
D30 = 0.043 m
kc = 1,05 W/m°C
- 2_o - :
hwind = 5,7 + 3,8V (W/m"-°C) V=velocity, m/sec
This h correlation from Duffie and Beckman [3]

wind
is for flat surfaces, but it will be shown that the

overall loss coefficient UL is quite insensitive to

the magnitude of this coefficient.

When the network was solved using these values, the
resulting temperafures for the inside and outside of the
glass cover tube closely dqplicated those values reported
by Beekley and Mather [1]. For the worst case when (TS-Tamb)

is 300°C and T, is 200°C, there is less than a 2.5% differ-

3
ence in the value of UL for a wind speed of 0 m/sec and a
windspeed of 50 m/sec. For the 50 m/sec wind speed, the
inside cover surface temperature is only slightly above
ambient. The variation of Uy, due to fluctuations of wind
speed decreases as the temperature level of the absorber
tube dropé. Because the emittance of the absorber tube is
very low, the largest resistance to heat transfer is the

radiation path from the absorber surface to the inside

glass cover surface.
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It can be seen that by assuming the inner glass cover
surface is at the ambient temperature, eq. 3.3.4 can be

written as

u, = rid 3.3.5

This assumption, suggested by Beekley et al.,will give
slightly conservative estimates for UL for all levels of
collector operation and will be used exclusively, as it
simplifies the evaluation of the loss coefficient and only
introduces small error. The collector tube is then assumed
to be totally insensitive to wind speed, with all losses
occurring by radiation from the absorber tube to the cover
tube inside surface at ambient temperature.

Figure 3.3.2 shows UL as a function of T3 and
(TS-Tamb) for a wide rénge of operating temperatures. UL
is variéble, and depends upon the operating conditions.
However, the magnitude of the loss coefficient is quite low
when compared to the loss coefficient of a conventional

flat plate collector using air as the working fluid.
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3.4 Formulation of Energy Balances

The usual manner of circulating air through a collec-
tor tube assembly is to insert a delivery tube of suitable
size inside the collector tube. Air can then be forced
either in the delivery tube and out the annulus, or forced
in the annulus and out the delivery tube. Although for
most operating conditions the useful energy is closely the
same for either mbde of operation, the internal temperature
distributions can be quite different. The two modes of
delivery will be modeled separately. |

Figure 3.4.1 shows the coordinate system used in the
fofmulation of the energy balances. The origin of the
x coordinate is taken at the turn-around point of the
collector tube. The mode where the air enters the delivery
tube and exits through the annulus Wili be called Case 1.
Case 2 is thé delivery mode where the air enters the annu-
lus and exits the delivery tube. It should be noted that
.in both cases the '"cold" stream is labeled T1 and the
"hot" stream which exits the collector tube is TZ' Energy
balances are done on four different systems within the
collector assembly:

1. On the absorber tube

2. On the delivery tube

3. On the air inside the delivery tube
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4. On the air inside the annulus formed by the
absorber tube and delivery tube

The locations of these systems are also shown in Figure
3.4.1.

An énergy balance on the absorber tube at some position
x gives for case 1

D DSo

D

30
+ UL

“TSops (T,-Tg)+h, (T, -Tg) = 0 3.4.1a

31 31

This equation can be rewritten without the diameter ratio,

DSo; in the terms containing UL and Seff by defining new

Dzs
: DSO
values of U, and S . that are =—— times their actual
L eff : DSi _

values as predicted by equations 3.3.5 and 2.9.2. These

new definitions are proposed for algebraic convenience,

and will be used for the remainder of this Work. Then,

a8 pp + Up (T, -Tg) *+ hg(T,-Tg) + Hyg(T-Tg) = 0
3.4.1b

The energy balance on the delivery tube for case 1 gives:
hz(Tz-Tw) + hrw(TS—Tw) + UL(T1~TW) =0 3.4.2
An energy balance on the air inside the delivery tube for

case 1 yields:

aT i _
e €71+ ULP (T,-T) = 0 3.4.3

P Ix
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Similarly, an energy balance on the air in the annulus

for case 1 yields

. dT - - -
mcp 2 + hSPS(TZ T3) + thl(T2 Tw) 0 3.4.4

dx

The equations for case 2 are derived in the same manner.
For case 2, the labels T1 and T2 are interchanged in the
energy balances with corresponding changes in the signs

of the derivatives because of the different flow direction.
The four equations for case 2 are,

Absorber tube:

atSqpp * Up (Ty-Tg) + hg(Ty-Tg) + h (T -T)=0 3.4.5
Delivery tube:
hZ(Tl_TW) + hrw(TS"Tw) + Ul(Tz-Tw)=O 3.4.6

Air in delivery tube:
. dT _
ne ;f + U P (T,-T,)

|
o

3.4.7

Air in annulus:
) dT,
~mcp = * hSPs(Tl—TS) + thl(Tl-TW) =0 3.4.8
For both case 1 and case 2 we have 4 equations relat-
ing 4 unknown tempemtures: Tl’ T, Ty and TS’ Two equa-
tions are linear algebraic equations and two are linear

first order differential equations. An analytic solution

for the equations for cases 1 and 2 for two sets of boundary
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conditions is found in Appendices 2.1 and 2.2. The
general solutions for the temperature distributions of
T1 and T2 for the entire collector tube or any finite

length segment of the collector tube are of the form:

my X m,X
T1 = Mle + Mze * g A-2.2.1
(m,+e;) m,X (m,+e,) m,X
_ 171 1 2 71 2 _
T, = M1~—1;;—~e + M2—~7;;—~ e *g, A-2.2.2

3.5 General Solution Procedure Used for Thermal Analysis
of a Collector Tube

Determining the useful energy gain of a single collec-
tor tube requires predicting the outlet temperature of the
collector when the operating conditions are known. Equa-
tions A-2.2.1 and A-2.2.2 allow the treatment of internal
flow in the collector tube annulus and delivery tube to
include the effects of developing flow (allowing the local
convection conductance to vary with length) and any ratio
of heat fluxes on the inner and outer surfaces of the annu-
lus formed by the absorber tube and delivery tubg, if
desired.

Because the radiation exchange between the delivery
tube and inside surface of the absorber tube can be signi-
ficant, particularly at low flow rates, an iterative solu-

tion procedure is needed if a precise value for the useful
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energy gain from the collector tube is required. One
possible procedure is outlined below:

1. Guess temperatures for which radiation exchange
are based for the absorber tube, %3 and the
delivery tube outside surface, %W. This allows
evaluation of UL and the hr's. (See Appendix

A-2.3)

2. Knowing the air flow rate and collector tube
internal geometry, the convection coefficients
hl’ h2’ and h3 are evaluated using suitable

correlations.

3. Using the analytic solutions for Ty and T,
given in Appendix A-2, the values of the local
fluid temperatures, and the local absorber tube
and deliveryvtube temperatures can be evaluated

at different positions.along the tube iength.
4., An outlet air temperature is predicted.

5. Mean or average bulk fluid temperatures can be
determined and used for correction of the fluid

properties (if desired).

~

6. T, and %w can be found and used to improve esti-

3
mates of UL and hrw'
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7. The procedure is repeated until the outlet temp-
erature of the air is within a specified toler-

ance for two successive iterations.

3.6 Different Methods Used for Determining the Tempera-
ture Distribution in a Collector Tube
The general solution procedure outlined in 3.5 can be
modified in a number of ways depending upon the extent
that it is necessary to specify the convection coefficients

h,, hy, and hg. If h,, h, and h; are constant with length,

1’ 72
the entire fluid temperature distribution can be predicted
at one time using the solutions for the entire tube length
given in Appendix 2, and using the iteration scheme given
in the last section.

A method for includingvthe variation with 1ength of

the local convection conductances hl’ h2 and h3 is shown

diagrammatically in Figure 3.6.1 and outlined below:

1. The collector tube is divided into N equal length

segments.

2. Equations A-2.2.1 and A-2.2.2 are used to evaluate
the fluid temperatures in each segment. For seg-
ment N, the segment with the flow turn-around,

the coefficients M1 and M, are evaluated using
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A-2.2.5 and A-2.2.6. For all other segments

the coefficients M1 and M2 are evaluated using
A-2.2.9 and A-2.2.10.

The conveétion coefficients in each segment are

considered constant with length, but variable from

segment to segment.

Solving for the collector tube outlet temperature
requires a series of iterative and sequential tem-
perature evaluations.

a. Initialize the lower fluid temperature distri-
bution [Tl(l) through Tl(N)] to some starting
value.. |

b. Starting at the turn-around end (segment N),
successively predict the hot outlet temperatures
[Tz(i)] from each segment using the initial
guesses of the lower inlet temperature to the

segment.

c. Using the new top temperature distribution,
and the known inlet temperature, start from
segment 1 and recalculate the lower fluid tem-
perature profile.

d. Repeat the calculation for the top fluid temper-
ature distribution and compare the outlet temp-

erature with the first prediction; if within
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tolerance, stop. If not, repeat the entire
process until the outlet temperature converges

acceptably.

The variation of the convection coefficients with the
length can be handled in this manner, but the procedure is
awkward to use for fhe general case where 1aminar or tur-
buleﬂt flow occurs in the delivery tube or annulus because
it assumes the variation of the local convective conductancés
is known. This method has been used for single cases where
the local heat transfer coefficients are assumed to decrease
with distance from the tube and annulus entrances in some
arbitrary fashion.

A third method involving the solution of only linear
algebraic equations was used to model the thermal perform-
ance of a éollector tube assembly. It uses additional
assumptions about the internal heat transfer that are
different than those used in the more general analytic

model. These assumptions are:

1. The absorber tube and delivery tube are at constant

temperatures T3 and TW, respectively.

2. The temperature distributions of the air within the

annulus and delivery tube are linear with length.

3. All heat transfer by convection in the delivery

tube is modeled as occurring between the delivery
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tube outside surface T and the average air bulk
temperature T,p, which is defined as the arith-
metic average of the inlet and exit temperature

of the air within the delivery tube.

4, Convection heat transfer in the annulus occurs
between the average bulk air temperature TZB and
the absorber temperature T, and the delivery tube

outside temperature T .

The difference between this linear model and the other
models developed earlier is the size of the control volume
that the energy balance is made upon. This method can be
expected to give good agreement with the more gemneral
models when the temperature profiles of the fluid and
tube surfaces do not exhibit extreme deviations from
linearity. It is analogous to the use of an arithmetic
average temperature difference in place of a log-mean
temperature difference as used in heat exchanger calcula-
tions. Figure 3.6.2 shows the thermal network represent-
ing this model.

Energy balances on the delivery tube, absorber tube,
"the air inside the annulus, and the air in the delivery

tube yield four equations:
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h,(T,,-T.) + hrw(Ts*TW) + Ul(T

28" Ty 3.6.1

2 1B~ W)

018 pp *+ Up (T -Tg) + hg(Typ-Tg) + hyg(T ~T5)=0 3.6.2

me (Ty oue™Ty in) * B3P3l(Tpp-Ts) + hyPyL(Tp-T,)=0
3.6.3
mcp(T2 in” 1 1n) + U 1L(TlB—Tw) = 0 3.6.4
T1B and T,p are defined by
T, ..+ T, .
TlB - _1 1in 2 in 3.6.5
2
T, .+ T
T, = 2 in 2 out 3.6.6
2

There are six linear algebraic equations and 6 unknown
temperétures. The equations can be solVed and the useful
energy gain predicted for any specified set of operating:
conditions by a variety of methods. Because it was of some
interest to compare the temperatures predicted by the linear
model with the temperature distributions of the more com-
plicated models, , % computer subroutine was used to solve
directly for the unknown temperatures. No attempt was made
to simplify the resulting equations to a more convenient

form for hand calculation.v
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3.7 Typical Temperature Distributions Predicted by the

Different Collector Models

Figure 3.7.1 shows the predicted air temperatures
using three different models as a function of position
in the collector tube for a typical set of operating
conditions. The figure shows the air temperature distri-
butions for case 1, where the air enters the delivery tube
and exits through the annulus. The three different methods
used were the linear modeland the two variations of the
general analytic model. One variation comsiders the entire
collector tube and assumes the convection coefficients hl’
h2 and h3 constant with length. The other model divides
the collector in a number of equal length segments and
assumes hl’ hZ and h3 constant with length within each seg-
ment but variable from segment to segment. Table 3.7.1
shows the values used for the collector tube dimensions and

operating parameters. The dimensions are the same as the

currently manufactured Owens-Illinois collector tube reported

by Beekley and Mather [1].
The forced convection heat transfer correlations used
for each model were:
1. Analytic Model -- entire collector tube length.
For both laminar and turbulent flow, it was assumed

that the hydrodynamic and thermal boundary layers
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Table 3.7.1
0-1 Collector Tube Dimensions and Surface Properties

(From Ref. 1)

Cover Tube Outside Diameter: 53 mm

Cover Tube Inside Diameter: 49 mm

Absorber Tube Outside Diameter: 43 mm
Absorber Tube Inside Diameter: 39 mm
Selective Surface Properties: a=0.85; €=0.07
Collector Tube Length: 1.067 m

Cover Tube Transmittance: = 0.92

Absorber Tube Inner Surface,
Emittance e= 0.90

Other Typical Operating Conditions
and Collector Parameters

Deliverytube OD: 23 mm

Delivery tube ID: 21.43 mm

Delivery tube properties: k = 47.6 W/m°C
(galvanized steel) e = 0.23

Flow Rate through Collector: m = 8.18 kg/hr

Incident Solar Radiation: Seff = 650 W/m2°C

Ambient Temperature: 10°C

Inlet Temperature: 30°C
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were fully developed. For laminar flow, the
relationship from Kays [5] for constant temper-
ature conditions for flow between flat plates
with one side heated was used; Nu = 4.9. For
turbulent flow the relationship given in Duffie

and Beckman [3], Nu = 0.0158 Reo‘8

, for turbulent
flow between flat plates with one side heated was
used. (The applicability of these correlations is

discussed in Section 4.1.)

Linear Model --
Laminar: Nu = 4.9

Turbulent: Nu = 0.0158 ReO'8

Analytical Model -- the collector tube was broken
into segments. The variation of heat transfer
with length was assumed to follow the approximate
equation from Kreith [6] for turbulent flow of
gases and liquids in short circular tubes.

h

L - 1+ 0/1)%7 when 2 < L/D < 20
h
hy,
-— = 1+ 6(D/L) when 20 < L/D < 60
h

where hL is the average unit conductance to a
tube of finite length L and h is the conductance

of an infinitely long tube.
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Figure 3.8.1 shows the air temperature distribution
for a single collector tube with different absorber tube
emittances. The collector dimensions and operating Condi-
tions are the same as in Table 3.7.1. It can easily be
seen fhat changes in the value of the emittance have sig-
nificant effects upon the useful energy gain from the col-
lector tube assembly. Changing the emittance éuccessively
from 0.07 to 0.15, 0.30, and 0.92 reduces the useful energy
gain 8.5%, 19.9% and 43.4%, respectively.

Figure 3.8.2 shdws the effects of changes in the absor-
ber tube. absorptance on the air temperature when the long
wave emittance is held constant at 0.07. For this speci-
fic set of flow conditions, the ratio of the useful energy
.gain to the useful gain of a tube with nominal absorptance
of 0.85 is approximately equal to the ratio of the absorp-
tances for the two cases.

These examples represent.only a few sets of possible
designs and operating conditions of an evacuated tubular
collector, but they point out the performance increase
that will be realized by an absorber tube with a low emit-
tance and high absorptance. They also show that accurately
detérmining the actual absorptance and emittance of the
absorber tube is necessary for accurate predictions of

the useful energy gain from a collector tube assembly.
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4, DETERMINATION OF IMPORTANT PARAMETERS AFFECTING
COLLECTOR TUBE PERFORMANCE
There are many variations of internal collector tube
assembly and collector array operation that might have
a significant effect upon the thermal performance of the
collector arrays. Because collectors of this type are
comparatively new, very few practical rules of thumb
have been developed to optimize collector array perform-
ance, particularly when air ié used as the working fluid.
Some of the internal parameters that might be expected
to have an important effect upon the collector tube out--

put are:

1. Mass flow rate through each collector tube

assembly.
2. Size of delivery tube (diameter).

3. 'Physical and surface properties of the delivery

tube; thermal conductivity and long wave emittance.

For a fixed set of operating conditions, the inlet
temperature, ambient temperature and incident solar radia-
tion on the tube are specified. Because the losses-from
thé absorber tube are radiative, it is apparent that the
largest useful energy gain from a single collector tubé
will occur when'the absorber tube is at the lowest possible

temperature allowed by its internal construction and
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Figure 3.7.2 shows fhe absorber tube temperatures
predicted by the three models. Comparing Figures 3.7.1
and 3.7.2, it can be seen that although the absorber:
tube temperatures vary with the different methods used,
the difference in useful energy gain for this set of
operating conditions is very small.

Figure 3.7.3 shows the predicted temperature distri-
butions for case 1 and case 2 when the flow paths are
reversed. The air temperatures and absorber temperatures
are shown.

The collector dimensions and operating parameters
are the same as. in Table 3.7.1. The model assumes that
the convection coefficients hl’ h2 and h3 are independent

of length.

3.8 Effects of the Surface Properties of the Absorber Tube
A1l of the useful energy that is supplied by an opera-
ting collector tube is incident on the absorber tube and
transferred to the air stream by a combination of differ-
ent heat transfer mechanisms. It was considered worthwhile
to investigate briefly what effect changes in the values
of the absorbér tube solar absorptance and long wave emit-
tance would have on the useful energy gain of the collector

tube for some specific sets of operating conditions.
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operation. The internal heat transfer in the tube is a
combination of convection from the absorber and delivery
tube to the air, radiation from the absorber tube to the
delivery tube, and combined conduction and convection
through the delivery tube to the air inside the tube.

It is expected that changing the mass flow rate, the
diameter of the delivery tube, and the material from which
the delivery tube is made will change the temperature
gradients inside the collector and ' affect the useful
energy output.

A rigorous tréatment and explanation of all possible
variations of these three parameters over all the operat-
ing conditions that are likely to be encountered in a work-
ing solar system would be extremely difficult. When air
is used as the working fluid, the allowable flow rates
through the tubes will be determined by the pressure drops
down the inlet and exit manifolds connecting the different
collector tubes. Because one purpose of this study was
to arrive at a reasonable model for predicting the perform-
ance of Owens-Illinois evacuated tubular collectors for
inclusion on the Arlington House Project, calculations of
the effects of these internal parameter changes were based
on the dimensions and physical properties of the currently
manufactured 0-I collector tubes as reported by Beekley et

al. [1]. The range of mass flow ratesinvestigated repre-
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sents the current estimates by Grunes [7] of the allowable
flow rates that are compatible with manifold designs con-
sistent with the physical limitations and heating require-
ments of the Arlington House. For a complete description

of the Arlington House project, see Hughes [8].

4.1 -Effect of Uncertainty of Convection Coefficients on
Collector Tube Performance

Heat transfer by convection in the collector tube
assembly occurs both in the delivery tube and in the annu-
lus formed by the delivery tube and absorber tube. The
heat transfer correlations used for determining the con-
vection conductances should logically be based upon corre-
lations developed for circular tubes and concentric circu-
lar annuli. Analytic solutions for flow through circular
tubes and for flow through concentric circular annuli are
available for both laminar and turbulent flow. For fully
developed laminar flow in circular tubes, Kays [5] and Kays
and London [9]give Nusselt number correlations for the
cases of constant heat rate per unit of tube length and
for constant wall temperature. For fully developed turbu-
lent flow in circular tubes, Kreith [6] gives several dif-
ferent Nusselt number correlations and Kays and London

have graphical correlations for the case of constant heat
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rate per unit of tube length. For flow between concentric
circular annuli, Lundberg,'Reynolds and Kays [10] consider
hydrodynamically fully established laminar flow with con-
stant and variable wall temperatures and heat fluxes.

Kays and Leung [11] present experimental data and graphi-
cal solutions for hydrodynamically developed turbulent
flow in annular passages with arbitrarily prescribed heat
flux. Most of the solutions for the annulus are presented
either in graphical or tabular form, and are not very con-
venient fof use when investigating the effects of changing
flow rate and delivery tube size on the collector tube
thermal performance over a wide variation of collector
operating conditions. To explicity handle the non-equal
heat fluxes on the inner and outer surfaces of the annulus,
in the manner as presented by Kays [5], it is necessary to
know the ratio of heat fluxes on both surfaces, the single
heated surface Nusselt numbers Nuii and Nuoo’ and the influ-

ence coefficients 0, and AR The following equations from

Kays [5] relate these quantities:

Nu; = - Nu; 5 4.1.
1- (qo”/qi")e i
Nu0 = Nuoo 4,1.2

1_(qin/qon)eo
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where
qi" = hz(TW—Tm) 4.1.3
qon - h3(T3~Tm) 4.1.4
and
h,D h.D
Nu; = 28 and N = 5 H 4.1.5
k k

where T, is the mean fluid temperature in the annulus
DH is the hydraulic diameter of the annulus

(DH = Quter diameter-inner diameter)

Because the heat flux ratios are usually unknown inside

the collector assembly they must be iteratively solved

for. Considering the convection coefficients h2 and h3
separately complicates the solution for the useful energy
output. Conceptually this can be easily incorporated into
the general iteration scheme outlined in Section 3.5 by
evaluating the mean absorber and delivery tube temperatures,
after solving for the fluid temperature distribution using
suitable initial estimates for the coefficients, h2 and h3.
The ratios of the heat fluxes on each surface can be found
from 4.1.3 and 4.1.4; improved estimates of Nu, and Nu, can
be obtained by using 4.1.1 and 4.1.2, and new estimates of
h2 and h3 are found by using eq. 4.1.5. The fluid‘temper—'

ature distributions are recalculated using the new values
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for h2 and h3, and the entire process is repeated until
outlet temperature convergence is obtained. Practically,
however, using this method is inconvenient because either
laminar or turbulent flow can occur in the annulus, and
correlations for Nuii’ Nuoo, 05 and 6, are usually avail-
able only in graphical form for specific radius ratios of
the inner and outer tubes, and for specific Reynolds num-
bers. Obtaining the values for any possible flow rate or
delivery tube diameter of interest becomes quite difficult
then.

‘The sensitivity of the useful energy gain of a collec-
tor to the magnitudes of the heat transfer coefficients hl’
h2 and h3 was investigated over a wide range of collector
operating conditions for different mass flow rates through
the collector assembly. The collector dimensions used

were the same as given in Table 3.7.1. The operating condi-

tions and internal collector parameters investigated were:

Collector inlet temperature: 17°C to 117°C
Ambient temperature: -30°C to +40°C

Incident solar radiation, Seff: 25 W/m2 to 1000 W/m2

Selective surface: e = 0.07
Delivery tube: OD = 0.0230 m
ID = 0.02143 m
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Delivery tube characteristics: k=47.6 W/m°C; e=0.23
k=1.0 W/m°C; €=0.90

Mass flow rates: 2, 4, 8, 12 kg/hr
The method used to calculate the collector performance
assumed that the heat transfer coefficients hl’ h2 and h3
were constant with length and that h2 and h‘3 were equal.
The heat transfer correlations used were:

Laminar Flow; Nu = 4.9 4.1.7

Turbulent Flow; Nu = 0.0158 Re’"S 4.1.8
BEach different heat transfer coefficient was varied by
50% from the values predicted by the above equation (i.e.,
if h1=10 W/m2°C, then h1=15 W/m2°C .was, also used) and the
useful energy gains calculated and compared. For all cases
and operating conditions, this wide variation in the magni-
tude of the heat transfer coefficient produced only small
changes in the useful energy gain from the collector. When
the useful energy gains from the high and low estimates were
compared to the original calculations using the simplified
relationships above, the following maximum deviations in
useful energy gain were obtained.

1. m = 2 kg/hr; delivery tube k=47.6 W/m°C

(galvanized steel) e=0.23
the maximum increase in useful energy gain when

the heat transfer coefficients were 50% high was

1%, the maximum decrease when the coefficients were
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50% low was 2.5%.

2. m = 4 kg/hr; delivery tube: k = 1.0
(glass) e = 0.9

maximum increase 2%, maximum decrease 6.6%

3. m = 8 kg/hr; delivery tube: k = 1.0; ¢ = 0.90
maximum increase 1.7%, maximum decrease 4.8%
delivery tube k = 47.6;e = 0.23

maximum increase 3%, maximum decrease 7.6%

4. m = 12 kg/hr; delivery tube: k = 1.0;e = 0.09
maximum increase 1.1%, maximum decrease 3.2%
delivery tube: k = 47.6;e = 0.23

maximum increase 1.7%, maximum decrease 4.8%

It is apparent that for a collector tube with a low
emittance selective surface, a large uncertainty in the
absolute magnitude of the convection heat transfer coeffi-
cients hl’ h2 and h3 does not have a correspondingly large
effect upon the useful energy gain of the collector tube
assembly. It is believed that a 50% variation in the mean
convection coefficients will adequately account for the
unequal heat fluxes on the inner and outer surfaces of the
annulus.

Analytic solutions for developing flow in circular tubes
and concentric circular annuli are also available. Using

these correlations adds another degree of complexity to the
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problem of determining the useful energy output of the
collector tube assembly. The effect of the boundary

layer development at the tube entrances is to give.heat
transfer rates higher than would occur if fully developed
flow was present. In general, it is advisable to use
conservative estimates for the heat transfer coefficients
hl’ h2 and h3, as this will tend to underestimate the col-
lector assembly's useful energy output.

The collector model that is used for the remainder of
this work assumes that the heat transfer coefficients hl’
h2 and h3 are independent of length, and that h2=h3. The
heat transfer correlations used are:

Laminar flow: Nu = 4.9

Turbulent Flow: Nu = 0.0158 Rel®
These correlations and collector model are used because
they are the simplest to evaluate, and the results are not
expected to be significantly different from the results
obtained if a much more complex modél is used to calculate
the useful energy output of a collector tube. The actual
deviations in useful energy output from using these corre-

lations is not expected to be as large as shown in the

examples.
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4,2 Effects of Delivery Tube Material and Surface
Properties
The composition and surface properties of the
delivery tube affect the internal heat transfer in two

ways:

1. The higher the thermal conductivity of the
delivery tube, the greater the thermal coupling
between the two flow streams. |

2. The radiation heat transfer between the absorber
tube and delivery tube is controlled by the emit-
tance of the delivery tube because the absorber
tube inner surface is glass and has a high emit-

tance.

Beekley and Mather [1] define a thermal coupling para-
meter, Aq, in their analysis of the O0-I collectors using
a liquid as the heat transfer medium. This parameter
accounts for the effect of the heat transfer to the delivery
tube fluid from the fluid in the annulus and its effect on
the performance of the collector. When liquids are used,
the effect of this thermal coupling is to elevate the fluid
temperature in the annulus and delivery tube higher than it
would be if the delivery tube were perfectly insuléted.
Because all heat transferred from the absorber tube to

the tube interior is by convection to the liquid, the
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increase in fluid temperature in the annulus means that
the absorber tube is operating at a correspondingly higher
temperature, and the useful energy gain is reduced.

Figure 4.2.1 is a qualitative graph, similar to that of
Beekley et al [1] showing the effects of thermal coupling
when a liquid is used in a collector tube under typical
operating conditions. The solid lines are the liquid tem-
peratures as functions of length for a high and low flow
rate. The dashed lines indicate the temperature distribu-
tions to be expected if the delivery tube is perfectly
insulated. The magnitude of the useful energy reduction
when coupling occurs depends upon the specific operating
conditions, but is, in general, small because of the low
emittance of the selective surface and evacuated cover
systems.

When air is used as the working medium there is an
additional heat transfer mechanism between the absorber .
tube inner surface and the delivery tube that is not pre-
sent when a liquid is used. During collector operation,
heat is removed from the absorber tube by a combination
of radiation to the delivery tube and convection to the
air within the annulus. Thermal coupling between the flow
streams also occurs when air is used, but the overall effect
on the final absorber tube temperature is fundamentally

different because the mechanisms of convection and radiation
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tend to offset each other. When the flow rate is high,
the film coefficients between the air in the annulus and
the ‘absorber and delivery tubes are also coﬁparatively
high and the temperature differences between the absorber
tube and delivery tube are low, thus decreasing the radi-
ation transfer between the two tubes. If the flow rates
are low, the convection coefficients are low, the tempera-
ture differences between the two tubes would be expected
to rise and the radiation transfer between the two tubes
would increase. Because both mechanisms occur simultane-
ously, the overall effect of the flow rate dependence of
thermal coupling and its effect on the final temperature
of the absorber tube depends upoh the radiation properties
of the délivery tube. The higher the emittance of the
delivery tubé, the larger the possible radiation transfer
between the surfaces for a given set of operating condi-
tions. The emittance of the delivery tube can then be
expected to have an effect on the internal temperature dis-
tributions within the collector tube assembly.

Figures 4.2.2 and 4.2.3 show the effects of changing
the properties of the delivery tube on the air temperature
distribution and the delivery tube temperatures. The col-
lector dimensions and operating conditions are the same as
given in Table 3.7.1. Three types of delivery tubes are

used, having the same outside and inside diameters, but
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differing in their thermal conductivities and emittances.

The tubes used were:

1. thermal conductivity, k=47.6 W/m°C; emittance
e=0.23. This corresponds to a galvanized steel
delivery tube.

2. k=47.6 W/m°C; €=0.90. This corresponds to a
steel delivery tube painted with an absorbing
black paint. |

3. k=.001 W/m°C; €=0.90. An unknown material simu-
lating a very good thermal insulator having a high

emittance.

The differences in air temperatures as shown in Figure
4.2.2 are significant for all three cases. The difference
between the steel tube with emittance of 0.23 and the steel
tube with an emittance of 0.90 is due entirely to the dif-
ferent magnitudes of the radiation exchange between the
absorber tube and delivery tube. Figures 4.2.2 and 4.2.3
show that both the delivery tube temperature and the air
temperatures in the annulus are higher for the tﬁbe with
k=47.6; e€=0.9 than for the tube with k=47.6; €=0.23. The
mean absorber tube temperature (not shown) is slightly
lower for the high emittance steel tube case then for the
tubes with the low emittance. Conseduently, the useful

energy gain for the high emittance steel tube is slightly
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higher than for the low emittance steel delivery tube.

The delivery tube with k=0.001; €=0.9 has the highest
delivery tube temperature and the lowest absorber tube
temperature, and as a result, a useful energy output
fractionally higher than the other two cases. The point

to be made is that increasing the delivery tube emittance
can be expected to increase the delivery tube temperatures
and fluid temperatures above those if the delivery tube had
a low emittance. Unlike a liquid, however; the increase in
fluid temperature in the annulus is accompanied by a reduc-
tion in the mean absorber tube temperature, resulting in

a slightly higher useful energy output from the tube.

Because of the opposite effects of convection and radi-
ation between the delivery tube and the absorber tube, no
single parameter analagous to Beekley and Mather's thermal
coupling parameter has been found at present. The combined
effects are included in the equations for the fluid tempera-
ture distributions given by Eq. A-2.2.1 and A-2.2.2,
however.

It is interestihg to note that the useful energy gain
of all three collector tube assemblies is almost identical
for this set of conditions. It was expected that a high
emittance delivery tube would give slightly better thermal
performance under most circumstances than a low emittance
tube. The magnitude of the useful energy increase, however,

when investigated over a wide range of flow rates and
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operating conditions, was fairly small. The useful energy
increase was never greater than 2.5% for a tube with emit-
tance of 0.90 when compared to a tube with emittance of
0.23; this occurred at low flow rates and high radiation
and inlet temperature levels. For other cases, this
increase was typically under 1%. This small variation

is caused primarily by the low emittance of the absorber
tube selective surface and the evacuated cover tube sys-
tem, which allows the internal temperatures in the collec-
tor tube assembly to change significantly while affecting

the useful energy output only slightly.

4.3 Effects of Mass Flow Rate and Delivery Tube Diameter

on Collector Tube Performance

Changing the air flow rate and delivery tube diameter
can be expected to have important effects on the useful
energy gain from the collector tube assembly. For a given
set of operating conditions, increasing the masé'flow rate
will decrease the overall temperature level of the collec-
tor for two reasons. First, increases in flow rates mean
corresponding increases in fluid Velocitieé resulting in
higher heat transfer coefficients between the air and the
absorber tube. Second, thermal coupling between the two

flow streams is dependent upon the magnitude of the resis-
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tance to heat transfer through the delivery tube wall.
As the flow}rate is increased, the finite resistance of
the delivery tube becomes more limiting in the overall
effect of coupling between the two streams.

The diameter of the delivery tube will have an effect
upon the thermal performance. As the outer diameter of the
delivery tube is increased, the cross sectional area of the
annulus decreases and the air velocities increase. This
will affect the convection coefficients between the air
in the annulus and the absorber tube as well as increase
the area for heat transfer by radiation from the absorber
tube and convection from the fluid in the annulus. The
overall effect of increasing the delivery tube outer dia-
meter is expected to increase the useful energy output of
the collector tube. |

The effects of mass flow rate and delivery tube dia-
meter were numerically investigated over the following
range of collector operating conditions:

Ambient temperature: —30°é to +40°C

Inlet temperature: 17°C to 117°C

Seff’ incident solar radiation: 25 W/m2 to 1000 W/m2

Selective surface emittance: e = 0,07 |
Two collector tube assemblies were connected in series where
the outlet stream from one tube was the inlet stream to the

next tube. For the cases where the mass flow rate was
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varied the delivery tube was galvanized steel (k=47.6,
€=0.23) with an OD of 0.0243 m and ID of 0.02143 m. For
this delivery tube, the useful energy gains were calcula-
ted for flow rates of 2, 4, 8 and 12 kg/hr, and the reduc-
tions in useful gain referenced to the largest flow rate

of 12 kg/hr. These results are summarized below:

=K
[}

8 kg/hr - tube pair - minimum output reduction
approximately 2%; maximum reduction 7%, occurring
at large inlet-ambient temperature differences

and high solar radiation levels.

m = 4 kg/hr - minimum reduction of 6% occurring at
small temperature differences; maximum reduction

16% occurring at large temperature differences

m = 2 kg/hr - minimum reduction of 11% occurring at
small temperature differences; maximum reduction
over 30% occurring at high temperature differences

and high radiation levels.

The effect of delivery tube diameter was investigated
over the same range of operating conditiomns but with four
different sized délivery tubes.

Delivery Tube 1. .0350 m OD, .03343 m ID

Delivery Tube 2. .0300 m OD, .02843 m ID

Delivery Tube 3. .0230 m OD, .02143 m ID
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Delivery Tube 4. .0150 m OD, .01343 m ID
Flow Rate: 8 kg/hr - tube pair

Delivery Tube Properties:

k 47.6 W/m°C;e = 0.23 (galvanized steel)

k

]

1.05 W/m°C;e = 0.90 (glass)

The magnitudes of the changes of the useful output due

to delivery tube size are not as significant as the out-
put reductions caused by decreasing the flow rate; The
largest diameter delivery tube outperformed the smaller

tubes in all instances:

Tube 2 - typical useful energy reduction 1.5%
Tube 3 - typical reduction 2.5% - 3.0%

Tube 4 - typical reduction 3% - 5%

The change in useful energy gain due to the surface emit-
tance of the delivery tube was quite small, generally less
than 1% for all tube sizes and ranges of inlet temperature,
ambient temperature and incident solar radiation. The
delivery tube was thin enough so that the resistance to

heat transfer through the tube, for either glass or steel,
was always small enough so that appreciable thermal coup-
ling between flow streams took place. The differences in
output due to the changes in thermal conductivity were less
- significant.than the changes caused by the surface emittance

of the delivery tube on the useful emergy gain.
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The results showing the numerical effects of changes in
flow rate and delivery tube size should probably be

viewed qualitatively rather than quantitatively because
actual flow rate and delivery tube selections will be
determined by the particular manifold design used for
distribution of the air to all the collector tubes in an
array. The manifold design is in turn dependent upon archi-

tectural and economic considerations.



98

5. SIMPLIFIED MODELS FOR USE IN SOLAR SYSTEM SIMULATIONS

A solar collector array consisting of many evacuated
tubular collectors is only one component that can be used
in a typical solar heating or cooling system. Numerically
predicting the long term performance of the entire solar
system is frequently desired as it offers one direct way
of evaluating and comparing the advantages and disadvan-
tages of one system design'with another. Solar collectors
operate over wide ranges of outdoor conditions; large
daily and seasonal variations of ambient temperature and
solar radiation occur that will affect the performance.
Different system configurations will also affect the use-
ful energy gain of the collector. A simplified numerical
model of an evacuated tubular collector array for ﬁse in
long term solar system simulations is desirable because
it can significantly reduce the computations necessary to
obtain reasonably accurate estimates of the overall system
performance.

Simplified models of the collector tube performance
can be of two different forms. One type of model can
result from making simplifying assumptions about the
internal heat transfer mechanisms. Another type of numeri-
cal simplification is to usé graphical or multidimensional
interpolation approaches to determine the collector per-

formance when needed.
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5.1 Comparison of Linear Model with Analytic Model

The linear model of a single collector tube assembly,

as formulated in Section 3.6, gives excellent agreement

when compared with the more general model, for a wide

variation of collector operating conditions. The linear

model was checked with the analytic model for the follow-

ing ranges of conditions:

Ambient temperature:

Collector inlet temperature:

Incident Solar Radiation:
Mass flow rates:

Delivery tube size:

-30°C to +40°C

17°C to 117°C

25 W/m® to 1000 W/m?
8,4,2 kg/hr - tube
0.0230 m OD

0.02143 m ID

Delivery tube properties: steel tube, low emittance

Methods of manifolding: single tube, two tubes in series

The comparisons over this range of operating conditions

and internal parameters show that the linear model differs

from the analytic model by less than 23%. The maximum devi-

ations occurred at the slower flow rates (2 kg/hr - tube)

and at very high solar radiation levels. For the higher

flow rates (4 and 8 kg/hr - tube) the deviation was always

less than 1% for all operating conditions.

The linear model can then be used in place of the

analytic model to predict the collector tube assembly's
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useful energy output without introducing significant
error. It can directly account for the thermal coupling
between the two flow streams as does the analytic model.
The chief disadvantage of this method is that although

it offers some computational simplicity it still requires
an iterative solution to improve initial estimates of the

absorber tube and delivery tube temperatures.

5.2 Effects of Neglecting Thermél Coupling Between the Two
Flow Streams

The effects of thermal coupling between the flow stream
in the annulus and the flow stream in the delivery tube
were explained in Section 4.2. It was noted for one example
that although the internal temperature profiles were quite
different when thermal coupling occurred from the profiles
when no coupling was present, the useful energy gain was
almost the same. It was considered worthwhile to investi-
gate under what conditions the thermal coupling between the
flow streams can be neglected, and to determine the magni-
tude of the error that negiecting the coupling will cause.

Although no single parameter has been found to explain
the effects of the coupling, some general observations can
be made. For any set of collector tube operating condi-

tions (fixed internal geometry, with ambient temperature,
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inlet temperature, and incident solar radiation known),
the adverse effect of thermal coupling between the flow
streams will increase as the mass flow rate decreases.
The radiation transfer between the delivery tube and absor-
ber tube increases as the flow rate decreases and tends to
offset this adverse effect. Because a collector with a
perfectly insulated delivery tube with a high emittance
can be expected to have the best thermal performance for
a given set of operating conditions, a "worst case' for
thermal coupling is, by implication, a delivery tube with
a high thermal conductivity and a relatively low emittance.
Numerical comparisons were made for the thermally
coupled and uncoupled flow streams for the ranges of immedi-
ate interest for use in the Arlington House simulations.

The ranges of operating conditions used were:

Ambient temperature: -30°C to +40°C

Inlet temperature: 17°C to 117°C

Incident solar radiatiomn: 25 W/m2 to 1000 W/mz
Mass flow rates: 2,8,12 kg/hr - tube
Delivery tube size: .0230 m OD, .02143 m ID
Delivery tube properties: k=47.6 W/m°C; e = 0.23
Method of manifolding: two tubes in series
"Absorber surface emittance: e = 0.07

The decrease in useful energy gain for the thermally coupled

streams were:
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2 kg/hr - tube; maximum performance decrease

=
1

approximately 6%, occurring at high radiation
levels and high inlet temperatures
m= 8 kg/hr - tube; maximum performance decrease
less than 0.5% for all operating conditions
m= 12 kg/hr - tube; maximum performance decrease

0.4% for all operating conditions

These results show that the effect of thermal coupling
increases asAthe flow rate decreases, but at high enough
flow rates the effect of the coupling on the overall thermal
performance is almost negligible. This is due to the low
value of the emittance of the selective surface of the
absorber tube. Since all the 1osseé are assumed to be
radiative, elevating the mean fluid temperature in the
annulus through the effect of thermal coupling above its
mean temperature if coupling were not present decreases the
useful energy output 6f the tube only slightly.
| When the effect of thermal coupling is not significant
on the collector useful energy output, the collector can
be modeled as having an insulated delivery tube with flow
passing only through thé annulus between the absorber tube
and the delivery tube. Modeling the collector performance
in this manner will give internal temperature distributions
that are different than those found if coupling is considered,

but give the correct useful energy output.
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5.3 F Collector Heat Removal Factor

R)
A convenient algebraic relationship for expressing
the useful energy gain for a conventional flat plate

collector as used in Duffie and Beckman [3] is:
Q1_1= ACFR[S-UL(Tin—Tamb)] 5.3.1

where A is the collector area

is the solar radiation absorbed by the

absorber plate

is the collector loss coefficient

is the collector inlet temperature

is the ambient temperature

R is a factor which relates the useful energy
gain of a collector to the useful energy

gain if the whole collector surface were

at the fluid inlet temperature

It is possible to put the useful energy gain from an evacu-

ated glass tubular collector array in a similar form

where Nt is the number of collector tube assemblies
connected in parallel through each of which

a uniform mass flow rate passes
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At is the total absorber tube surface area of

all collector tube assemblies in any series
connected branch of the collector array
U. is the collector loss coefficient based on

mean absorber temperature of the tubes con-

nected in series.
Because the useful energy gain of the collector array is

Qu = Ntmcp(Tout—Tin) 5.3.3

where T . is the outlet tmperature of each series

t
connected assembly of collector tubes

m is the mass flow rate

Tin is the inlet temperature to each series

connected assembly of tubes
then

F o= mcp(Tout'Tin)

5.3.4
R At[aTSeff"UL(Tin‘Tamb)]

When there is more than one collector tube connected
in series (the outlet of one collector tube is the inlet
to another tube assembly) the temperature Tout can be
formed by successive evaluations of eq. 3.4.10. For long
term simulations, this method is not particularly conveni-
ent, as an iterétive procedure is required to accurately

determine the outlet temperature from each collector tube
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assembly.

It was shown that the effect of the thermal coupling
over a wide variation of operating conditions was quite
small for collectors with high enough flow rates. Model-
ing the collector tubes as having flow only through the
annulus formed by the absorber tube and delivery tube is
analogous to modeling a conventional flat plate air heater
where the air flows between the absorber plate and an
insulated backing plate. Except-for corrections made for
the circular geometry, this flow situation can be modeled
exactly as done by Duffie and Beckman [3]. Their procedure
will be outlined briefly. The thermal network for this

case is shown in Figure 5.3.1.

1. Energy balances are made on the absorber tube
and on the air within the annulus and expressions
for the local useful energy gain, q,, are obtained.

The resulting equations are
q, = Us(T5-Tg) 5.3.5
aTSeff - Ut(TS-Ta)-qu = 0 5.3.6

where U3 is the overall heat transfer coefficient
from the fluid to the absorber tube based on

the absorber tube area
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1
U, = h, + D3 . 5.3.7

+
h.s h,D

271

2. The local useful energy can be expressed as
4y = F'[uTSeff'UL(Tf'Ta)] 5.3.8
where F', the tube efficiency factor, is

F' = 4] 5.3.9

3. Now, FR, the collector heat removal factor can be

written as
ne -[ULF'At/mcp]
Fp = ﬁE%;[1 - e o ] 5.3.10

4. For collector tube assemblies using air, UL and F'
are functions of temperatures. F' depends upon
the convection coefficients and the surface tempera-
tures and emittances of the delivery tube and
absorber tube. Using suitable initial guesses for
the average absorber and delivery tube temperatures,
evaluating UL’ F', and FR’ the outlet temperature

can be calculated

T = T. +

out in 5.3.11

A FplatS pe-Up (T -Tonp)]

m
“p
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5. The initial estimates of the absorber and delivery
tube temperatures are improved by finding the mean

fluid temperature using the relationship derived by

Klein [12]
Qu/At Fp
Tf,mean = Tip ¥ U Fp [1 - g7l 5.5.12
The mean absorber tube temperature is found:
TS,mean U3K3 ¥ Tf,mean 5.5.15
and the mean delivery tube temperature is found
from an energy balance on the delivery tube
D
1
h,T +h ,=— T
T . 2 f,mean "r3D; "3,mean 5.3.14
w,mean T
1
hy + hyg ﬁ;

Using the new estimates of T, and TS’ the outlet tempera-
ture of the collector is recalculated. The iteration pro-
cess can be repeated until suitable convergence of the out-
let temperature is obtained.

This method allows the flow inside a number of seriés—
connected collector tubes to be treated as if the flow
occurred inside a single tube, the length of the single
equivalent tube being equal to the sum of the lengths of
the separate tubes. When water is used as the heat trans-
fer medium, and the effect of thermal coupling between the

two flow streams is unimportant, this method can also be
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used to predict the useful energy output. For this
case, with no radiation exchange between thé absorber
tube and delivery tube, the series connected tubes can
also be modeled as a single equivalent tube. Because
the delivery tube can be considered to be insulated,

it is at the same temperature as the local fluid temper-
ature, and it is not necessary to solve for the delivery

tube temperature.

5.4 Performance Map of Collector Efficiency

The numerical model of the collector tube assembly
can be complex enough so that evaluation of the thermal
performance for every changing set of -inlet conditions
seriously increases the number of computations in long
term simulations of system performance.

A multi-dimensional "performance map' using interpo-
lation can be used to good advantage in such a situation.-
The performance map separates the predictions of the col-
lector array from the rest of the system simulation by cal-
culating the useful energy gain of the collector assembly
at discrete points over the range of the expected opera-
ting-conditions of each independent variable. For the
evacuated glass tubular collector with fixed geometry and

known flow rate, the three variables that affect the useful
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energy gain of the collector are inlet temperature, ambi-
ent temperature and solar radiation incident upon the col-
lector tube. The efficiency of the coilector tube assembly
is calculated at selected values of inlet temperature to
the collector, ambient temperature, and solar radiation,
and these discrete efficiency values are stored in a three
dimensional array and saved for later use. The collector
output can be calculated for any combination of inlet
temperature, ambient temperature, and incident solar radi-
ation, when needed, by interpolation from this array.

The accuracy of the performance map in predicting the
collector efficiency as compared to the actual model is
controlled by both the number of discrete values used in
constructing the performance map, and the degree of the
interpolating polynomials used to calculate the efficiency
from the array. The method used for all calculations to
date has been three dimensional interpolation using quadra-
tic interpolating polynomials. The interval spacing used
was small enough so that the performance map introduced an
error of collector efficiency of 0.5% or less for the range
of inlet temperatures, ambient temperatures, or solar radi-
ation levels considered. |

The performance map can be used with a collector model
of whatever degree of complexity is thought necessary and

easily handle any method of collector array flow manifolding.
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The initial calculation of the efficiency array can be
done externally to the simulation program, and the use-
ful output can be determined for any given set of inlet

conditions when needed without requiring iteration.

5.5 Graphical Methods

A convenient graphical method for representing the
thermal performance of either a single tube assembly or
a number of series connecfed tube assemblies can be
obtained when the collector tube efficiency, n, is plot-

3

ted against the variable Tin (Tin-Ta)/Seff, where Tin

and Ta are absolute temperatures. If the useful energy
output per unit of absorber area of the collector tube
assemblies is put into the same form as used for a flat
plate collector,

q, = FR[aTSeff - UL(Tin—Ta)] 5.5.1

!

dividing by Seff’

n =g29- ek, - 2R Tin ) 5.5.2
eff R Seff

With flat plate collectors with a fixed flow rate, the

efficiency is frequently plotted against the variable

(T ’Ta)/seff' If a straight line is drawn through the

in

measured or calculated points, the intercept of the graph
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"is interpreted as being equal to uTFR and the slope of
the line as being equal to —ULFR. Because the losses
from evacuated tubular collectors are entirely radiative,
the collector assembly efficiency depends upon not only
the temperature difference between the inlet air and the
ambient temperature, but also on the temperature level of
the collector assembly. When the predicted efficiency of
an evacuated tubular collector is plotted against

(T -Ta)/Seff, as is done for a flat plate collector, the

in
resulting graph shows considerable scatter and no unique
curve is obtainable. When the efficiency is graphed versus
TinS(Tin'Ta)/Seff’ in an attempt to account for the tempera-
ture level dependence of the collector losses by estimating
UL with Tins’ the resulting graph exhibits considerably
less scatter than before. Figures 5.5.1 and 5.5.2 show

graphs of n vs Tins(T 'Ta)/seff for a pair of series con-

in
nected collector tubes with flow rates of 15.9 kg/hr and
6.14 kg/hr. The predicted points are indicated, showing
the degree of scatter present. Figure 5.5.3 shows straight
line fits to the predicted values of efficiency for flow
rates of 15.9, 8.18 and 6.14 kg/hr. The figures show that

the curves can be represented reasonably well with a single

straight line.
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For all graphs, the operating conditions varied from

Inlet temperature: -17°C to 117°C
Ambient temperature: -30°C to +40°C
Incident solar radiation: 100 W/m2 to 650 W/m2
Collector dimensions: given in Table 3.7.1

If equation 5.5.2 is written as

U, F (T, -T_)
_ - LR 3 7in "a
n = aTFR (E——g)(Tin ——g—————J 5.5.3
in eff

it is clear that if a straight line is used to represent
the predicted.values, the intercept of the graph is arFR,

: -U, F .
and the slope becomes ——E—%. Referring to Figure 5.5.3,
T.

in
it is seen that for a flow rate of 15.8 kg/hr the intercept

corresponding to atFp is 0.755. Because the ot product is
assumed to be 0.782, this implies that FR = 0.965. When
the flow rate is 6.14 kg/hr, Fp is approximately equal to
0.88. It can also be seen from Figure 5.5.3 that a collec-
tor tube assembly behaves in a manner similar to a flat

plate collector when the operating inputs are changed:

1. When the flow rate decreases, the collector effi-
ciency decreases.
2. As the inlet temperature increases, the efficiency

decreases.
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3. As the ambient temperature decreases, the effi-
ciency decreases.
4, As the incident solar radiation decreases, the

collector efficiency decreases.

This graphical method offers a convenient way of
quickly determining the thermal performance of the col-
lector tube assemblies when the inlet temperature, ambi-
ent temperature, and solar radiation are known. This
correlation is not exact, however. At high flow rates
(15 kg/hr) all the values of efficiency are usually within

1.5% at any given value of Tin3

(Tin_Tamb)/seff' At low
flow rates, when the temperature rise through the collector
is high, this corrélation gives greater scatter in effici?
ency values for single ﬁalues of TinS(Tin'Tamb)/Seff'

This method can also be used for solar system simula-
tions. The relationship for efficiency can be curve fitted,

and the efficiency quickly calculated when the operating

conditions are specified.
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5.6 Summary and Conclusions about Collector Models for
Use in Solar System Simulations

1. Simplifications used in predicting the thermal
performance of the evacuated collector tubes are of two
distinct forms:

a. Simplificétions resulting from assumptions
about the internal heat transfer within the
collector tube assemblies.

b. Numerical simplifications that allow determina-
tion of the collector tube output without
requiring an iterative solution procedure.

2. The following models have been developed to
explicity handle both the flow stream reversal found in
0-I collector tubes and the radiation exchange that takes
place between the absorber tube and the delivery tube.

a. General Analytic Model -- Equations given in
Appendix 2.1 and 2.2. This model can acéount
for flow reversal in the tube, i.e. Case 1 or
Case 2. It has been observed that for most
flow rates and operating conditions, the
difference in useful energy output because
of flow direction reversal is insignificant;
much less than 1% difference in useful energy
gain. It is not.necessary to model these

cases separately when only the magnitude of
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the useful energy gain is required.

Developing flow in both flow passages and
non-equal heat fluxes on the two annulus sur-
faces can be accounted for. In practice, this
should be unnecessary because the evacuated
cover tube and low emittance of the absorber
tube keep the losses to such a low level that
large uncertainties in the values of the con-
véction coefficients generate much smaller
uncertainties in the magnitude of the useful
energy gains. The method requires an itera-
tive procedure.

b. Linear Model -- Equations given in Section 3.6.
This model gives.excellent agreement when com-
pared to the more general analytic model for
most flow rates and operating conditiomns. This
model introduces some error when the internal
temperature gradients in the collector tube
assembly exhibit extreme deviations from line-
arity, especially at low flow rates when the
thermal coupling between the two flow streams
is most pronounced. It also requires an itera-
tive solution procedure.

3. The following conclusions are drawn about the inter-

nal heat transfer that occurs within the collector tube
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a.
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Variations in the surface emittance of the
delivery tube can significantly change the
internal temperature distributions in the
collector tube. The changes do not, however,

have an important effect upon the useful

“energy output of the tube. Performance of a

collector tube assembly is fractionally bet-
ter for a delivery tube with a high emittance
than a tube with a low emittance.

For thin walled delivery tubes, the effect

of the delivery tube conductivity on the
useful energy output of the collector tube

can be less significant than the effects of
large changes in the delivery tube emittance.
Thermal coupling between the flow streams
changes the internal temperature distributions
in the collector tube from those that would
occur if coupling were not present. The
effect upon the useful energy gain from the
collectof is small at higher flow rates.
Neglecting the thermal coupling allows the
collector tube assembly to be modeled as if
the flow passed only through the annulus, with '

the delivery tube insulated.



121

4. An additional model of the collector tube can be
proposed if both thermal coupling and the radiation exchange
between the absorber tube and delivery tube are ignored.
Both mechanisms become less important as the flow rate
increases. The same model can then be used to predict the
performance of the collector tubes using either air or a
liquid as the heat transfer medium. This model has not
been numerically investigated for the evacuated tubular
collector, but it is expected that it will give good agree-
ment with the more general models.

5. The performance map approach can be used with any
model desired if extensive computations are required to
determine the useful energy output for every changing set
of inlet conditions. It is particularly advantageous for
long term simulations when an iterative solution for the
performance of the collector tubes is excessively time con-
suming.

6. The graphical approach can be used if the error in
efficiency calculations is acceptable. It is used for a
single flow rate and the correlations become worse at lower
flow rates.

7. The final decision about which model will be used
to simulate the performance of the collector tube assemblies
depends upon what the model is needed for. For long term

simulations, a model that requires no iteration is probably
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the best. Either the performance map or the graphical
method can be used. The graphical method is quick but
can introduce error; the performance map approach is

accurate but somewhat slower.
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6. SOLAR SYSTEM SIMULATIONS USING THE O0-I COLLECTOR MODEL
6.1 Models Used in Simulations

When a model of the evacuated tubular collector is

used in a simulation program, such as TRNSYS [14], the
collector model is referenced at time intervals where
the predicted useful energy gain for a specified set of
operating conditions is required by the main program.
For most solar system simulations, the only time-dependent
inputs that affect collector array operation are the solar
radiation components incident on the array backing surface,
the colléctor tube inlet temperature, the ambient tempera-
ture, and the currént value of solar time (which specifies
the declination, and sun hour‘angle).

The following general procedure, shown schematically
in Figure 6.1.1, is used to predict the useful energy
output of an operating array of tubular collectors. It
is compatible with any specific model used for determining
the radiation received by a single tube or any model used
for determining the thermal performance of a single tube
or several series-connected collector tubes.

1. The radiation received by a single tube is deter-

mined. This is done by computiﬁg
a. Angle 9; requires knowing the collector tilt,
latitude, tube rotation angle, solar time

(declination, hour angle), tube separation, tube
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distance from the backing surface.

b. RB' and RD'; requires angle @, several view
factors and the reflectance of the backing
screen.

C. Seff; this requires knowing the magnitude
of the beam and diffuse components of solar
radiation received by the backing surface @f
the tubes were not present, and Rp' and Rp'.

2. When the radiation received by a single tube in an

array is known, the useful energy gain for a tube

(or tube pair, or an entire series-connected array)

is calculated using any desired model for determin-

ing the thermal performance.

The actual model used in all TRNSYS simulations to date
is shown in Figure 6.1.2. Parameters used in the collector
array model that do not change during the simulation (collec-
tor tube internal geometry, tube spacing, backing surface
and tube orientation and mass flow rate)are used in calcu-
lating the performance map of collector efficiency and an
additional array of discrete values of RB' as a function of
Q; the single value of RD' is also determined. When the
useful'energy output of the array is required, the following
method is used.

1. Calculate angle Q.

2. Determine RB' by interpolation from the array of
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RB' vs Q.

3. Calculate Seff'

4. Knowing the magnitudes of the inlet temperature,
ambient temperature and incident solar radiation,
interpolate from the performance map for the val-
ue of the tube(s) efficiency.

5. Calculate Qu, and array outlet temperature.

By externally calculating the value of RD', the RB' Vs Q
array, and the collector efficiency as a function of Tin’
Ta and Seff’ the collector array calculations can be done
quickly.

Several models of the thermal perfbrmance of the col-

lector tubes were tried, but the performance map approach

was used most often as it gave the best compromise between

computational speed and accuracy.

6.2 Description of System Configuration and Simulation

Results

The simulation program TRNSYS [14], was used to predict
the performance of a typical domestic residence in the
Madison, Wisconsin climate for a representative seven month
heating season. These simulations were done by Hughes [8]
in the design studies for the Arlington House. The evacu-
ated tubular collector model used was the same as described

in the previous section.
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The general solar system configuration investigated
by Hughes is shown schematically in Figure 6.2.1. For
some of the system designs studied,,an array of O-I col-
lector tubes, with air as the working fluid, is used in
conjunction with a gravel bed thermal storage unit. The
air flow through the solar system is provided by fans,
with the flow modes controlled by a central controller
which operates motorized dampers. When the collector
array is operating, it will operate in omne of two poésible
ways: the heated air will circulate either from the col-
lector to the living space, or will circulate from the
collector to the storage unit. Service hot water is sup-
plied by including an air-to-water heat exchanger in the
collector-storage unit flow circuit. The space heating
load not supplied by the solar system is supplied by an
auxillary energy source. The auxillary energy source can
be either a conventional furnace, an additional gravel bed
storage unit heated by an electric auxillary furnace dur-
ing off-peak hours, or a single gravel bed that combines
both the functions of the solar system storage unit and
the auxillary furnace. This multipurpose gravel bed is
heated sufficiently at night to supply the heating load
of the residence for the following day. The gravel bed,
usually at an elevated temperature level, is also used

as the storage unit when the collector array is operated
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during the day.

Some of the design parameters investigated by Hughes
that influenced the performance of the collector array
(and the entire solar system) were the collector tubes
center-to-center separation, the mass flow rate through
the tubes, and the inclusion of the single off-peak
heated gravel bed, which forced up the average operating
temperature of the collector array. Comparisons were
made between flat plate air heaters of conventional design
and arrays of the O-I collector tubes. The O-I collector
arrays performed significantly better than the flat plate
air collectors when the off-peak heated rockpile was used.
The performance decrease because of increased collector
inlet temperatures was not as pronounced for the O-I col-
lector tubes because the selective surface and evacuated
cover tubes kept the losses to an extremely low level, and
made the collectors reasonably insensitive to inlet tempera-
ture when compared to a non-selectively-coated flat plate
type air collector operating under identical conditions.

The other changes in system performance observed by
Hughes because of the changes in flow rate and tube spac-
ing were as expected. The thermal performance per tube
increased as the flow rate through the tube increased,
and the overall system performance increased slightly as

the number of tubes installed on the fixed roof area
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increased. A detailed description of the Arlington House
design and the other models used in the Arlington House

simulations can be found in reference 8.
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7. CONCLUSIONS AND RECOMMENDATIONS

The evacuated collector tubes currently being manu-
factured by Owens-Illinois, Inc. are extremely efficient
in converting solar radiation to useful energy for many
types of applicationé. The theoretical performance of a
collector array has been broken into two separate topics:
solar radiation received by a single tube in a collector
array, and the thermal performance of the single tubes.
Different models have been developed for each topic with
considerable effort spent in attempting to identify the
important design parameters that might affect the array
performance.

Simplifications for use in predicting collector array
output have also been developed, and approximate error
bounds have been calculated, when possible, that indicate
the error that these simplifying assumptions will have on
the predicted performance of the collector array.

The collector tubes have a very low loss coefficient
because of the combination of a low emittance selective
surface, and the evacuated cover system. Because of the
low losses from the tubes, the collector tubes are expected
to be useful for system applications involving high collec-
tor inlet temperatures or low solar insolation levels.
The radiation received by a single collector tube can be

adjusted by changing the tube separation and the distance
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from the backing surface. This offers additional flexi-
bility in matching the collector array output to the
requirements of the system application.

The theoretical performance of the collector array
using air as the heat transfer medium is not expected
to be much less than the performance of an array using
a liquid when operated under identical conditions.

The collector array model is deficient in several
important respects. No pfovisions have been made to
include the effects of air leakage and losses from exposed
manifolds, and no method for turning the collectors on or
off has been proposed. Air leakage will depend upon the
particular manifold design that is used to distribute the
air to the collector tubes and the care with which the
manifolds and duct-work are assembled and sealed. The
heat losses from the manifolds will depend upon the surface
area of the manifolds, the amount of insulation used, the
temperatures and velocities of the air within the ducts
and whether most of the duct-work is exposed to the ambi-
ent air or is contained within the heated living space.
Meaningful estimates cannot be made without some idea of
the specific manifold design to be used. Because these
factors can have a significant effect upon the total col-
lector array output, and the magnitudes of these losses

will, in general, be experimentally established, no speci-
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fic method of collector array control is recommended in
this work. Possible control schemes that could be used

to start and stop the air flow through the collector are
the use of a single differential temperature controller,

a single solar radiation sensor, or two sequentially oper-
ating controllers: either a combination of a radiation
sensor and a differential temperature controller or two
differential temperature devices. The use of two separate
controllers can always account for the effects of air’leak-
age and heat losses from the exposed duct-work. One con-
troller is used to start the flow through the collector,
either by sensing the incident solar radiation level or by
measuring the temperature difference between a collector
tube interior and some other reference temperature (possibly
the room temperature or the gravel bed temperature). When
the temperature difference (or radiation level) is above
some minimum value, the air is circulated through the
collector array. The additional differential temperature
measuring device is used to measure the temperature differ-
ence between the air leaving the living space and going to
the collector array and the air returning to the living
space. This temperature difference will include the effects
of heat losses from the duct-work and any air leakage from
the ducts or collector array, and will reflect the amount

of energy actually being delivered to the house. When the
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temperature difference is below some minimum acceptable
level, the flow through the collector array is stopped.

The optimum control strategy is unclear at this time,
and will probably be determined experimentally.

Because the collector tubes are commercially available,
it is recommended that experimental tests on single tubes
and tube arrays be done to verify (or to point out the
need for modification of) the mathematical models of the
collector tube thermal performance and the radiation received
by a single tube in an array. Although the theoretical per-
formancé of the collector tubes appears quite good, actual
expefimental testing is needed to evaluate the feasibility
of using the evacuated tubular collectors with air as the
working fluid. It is quite possible that the flow distri-
bution problem and the air leakage problem may require
special (énd«expensive) construction methods and materials
that will offset any performance increase that would
result from using these collector arrays instead of conven-

tional flat plate air heaters.
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Appendix 1. Derivation of Angular Relationships and

Angle o for an Array of Tubular Collectors

The following section shows how the relationshipsfor
angle g, presented in Section 2.1, were derived. In the
discussion below it is assumed that the collector array
consists of an array of tubes, each tube parallel to all
the other tubes, parallel to the backing screen, and
spaced a constant distance above the backing screen. A
line normal to the backing screen is, by implication, also
normal to the longitudinal axis of the tubes.

It is convenient to visualize the earth-sun system as
a sphere of unit radius with the earth as the center about
which the sun moves. (The eccentricity of the earth's orbit
éround the sun is ignored.) Figure A-1.1 shows this celes-
tijal sphere with the earth at the center. Figure A-1.2
shows the apparent daily path taken by the suh as seen by
an observer looking down from the celestial north pole.
For the case of a collector tube axis pointing north-
south, it is also helpful to set up a cartesian coordinate
system. Figure A-1.3 shows the coordinate system used:
the positive x direction is east, positive z direction is
the south projection on the plane of the tilted collector
array, the y direction is normal to the backing surface of

the tilted collector. The collector array is at latitude ¢
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and has a tilt from the horizontal, s. Because the sun
is always considered to be at a unit radius distance from
the earth with general position coordinates (x,y,z), we

can write:

2,.2,.2

x“+yez® = 1 and @ = tan T(

2
Figures A-1.5a and A-1.5b are modifications of a draﬁing
taken from Tabor [13]. They show the projected path of the
sun taken during different times of the year. Because
sﬁrfaces with slope s to. the north or south have the

same angular relationship to beam radiation as a horizontal
surface at an artificial latitude of (¢-s), figures A-1.5a
and b are applicable for either horizontal or tilted sur-
faces of latitude ¢, slope s, with declination of the sun.S$.
Angle (¢-s) is the incidence angle of beam radiation on the
collector backing surface at solar noon when the declina-
tion of the sun is zero. Angle (¢-s-8) is the beam radia-
tion incidence angle at solar noon for other declinations.

By referring to figure A-1.5B it can be seen that

z¢_s‘w=0 sin(¢-s)
6=0
where Z4-5|w=0 indicates the value of the projection of the

§=0 sun's position on the z axis when the hour

angle, w, is zero and the declination is zero.

(¢-s) refers to the projected path taken by
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the sun. (¢-s) is the incidence angle at
solar noon along this path.

Referring to Figure A-1.2 and A-1.5b it can be seen that:

Zo-5|uk0
§=0

1}

sin(¢-s)cosw

and

Xo-5|w¥0
§=0

il

sinw

V4-s|ut0
§=0

cos(¢-s)cosw

It can also be seen from Figure A-1.2 that the radius

of the apparent daily path of the sun is 1 when the declina-
tion is‘zero. Similarly it is seen that the radius of the
suﬁ's épparent path is cosé for any other declination. For

declinations other than zero, at solar noon (Figure A-1.5b):

z¢~5-6|w=0 sin(¢-s-6)

Yg-5-8|w=0 cos(¢-s-8)

By comparing the movement along the projected path of the
sun for any arbitrary declination to the movement along

the projected path.of the sun when the declination is zero,
it can be shoWn that for any latitude, slope, declination,

and hour angle:
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X = cosésinuw A-1.2
y = cos(¢-s-8)-cosd[cos(¢-s) (1l-cosw)]
z = sin(¢-s-8)-coss[sin(¢-s) (1-cosw)]

upon rearrangement:

cos(¢-s)cosscosw+sin(¢-s)sing A-1.3

~
i

N
i

sin(¢-s)cosdcosw-cos(¢-s)siné A-1.4

It should be noted that the above expression for y is the
same as that for cos 6, the cosine of the angle of inci-
dence of beam radiation on a tilted surface, as given by
Duffie and Beckman [3].

For the more general tﬁbe axis orientation, with longi-
tudinal tube axis other than along a north-south projection,
the coordinaie system Shown in Figure A-1.4 is used. VY is
the tube rotation angle measured counter-clockwise from
the north-south meridian projection in the plane of the
backing surface. The z' axis is parallel to the longitudi-
nal axis of the tubes. The y axis is unchanged. The x

axis is perpendicular to the y and z' axis. Angle 2 is now:
-1 .x!
Q = tan (&=
&)

" referring to Figures A-1.3 and A-1.4,

y = coseT
T = sineT
Cosg = X _ cosdsinw

T 51neT
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sing = 2 = cosésin(¢-s)cosw-cos($-s)sind
T sinb
T
x' cos (B+V)
X COsB
x! = X[COSBcosW—51n831nW]

cosB
After substituting in x = cosésinw and eliminating angle B8

x' = cosésinwcos¥-sin¥[cosésin(¢-s)cosw-cos(¢-s)siné]

A-1.6

In summary:

- ]
@ = tan T[EN] A-1.7
y
where x' = cosésinwcos¥Y-sin¥[cosésin(¢-s)cosw-cos(¢-s)siné]
A-1.6
y = cos(¢-s)cosdcosu+sin(¢-s)sins A-1.3

¢ = latitude (north positive)

s = declination (north positive)

w = hour angle of sun (solar noon = 0, mornings posi-
tive, afternoons negative)

s = slope of collector array from horizontal

y = tube rotation angle measured counter-clockwise
from local meridian projection on plane of collector

array.
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It should be noted that this expression for @ is valid
only for those collector orientations where the backing
surface azimuth angle, y, is zero. vy, as defined in
Duffie and Beckman [3], is the deviation of the normal
to the backing surface from the local meridian, fhe Zero

point being due south, east positive, and west negative.
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Appendix 2
2.1 Reduction of Differential and Algebraic Equations

for General Analytic Method

The four equations for Case 1 developed in Section 3.3

are repeated:

1. aTSeff+UL(Ta-T3)+h3(T2~T3)+hf3(TW—T3) = 0 3.3.1

2. thTz—Tw)+hrw(T3-Tw)+U1(Tl-TW) = 0 3.3.2
. ATy

3. -me g U P (T4-T,) = 0 3.3.3

L)

4. e g * hoPg(T,-T5) * h,Py (T,-T) =0 3.3.4

because the air temperature distribution with length is
desired, it is necessary to eliminate Ty and T3 from the

differential equations 3.3.3 and 3.3.4

Solving 2 for T

TW = C2T2+C3T3+C1T1 A2.1.1
where
Uy
C = Az.l.la_
1 Ii2+Hrw+zl
h,
C. = A2.1.1b
2~ hy*h 0y
hrw
C3 = m A2.1.1c



Solving 1 for T3 gives

T, =b_ + Db T1 + b,T

3 0 1 272
b = “?Seff+ULTa
o = U Fh +h_(1-C;)
R A |
1 = U FE,¥h_,(1-C;)
N s =
2 = U[Fh,h_ (I-Cy)

eliminating T and T3 from 3 gives

dr,
ot eqTy - epTz - ez =0
U, P
_UiPy
e = <z~ (Czby + Cy~1)
L b A A 2
2
' mcp
o U1Pi%P
3,
me

eliminating T and T, from 4 gives

T
2 4 £ T

Ix 1Ty * £T, v £5 =0

3

where

AZ.

A2.

A.z’

AZ.

AZ.

AZ.

AZ.

AZ.

A2
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.1

.2

.2a

.2b

. 2C

.3a

.3b

.3c

.4
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thl(—Cl—Csbl)-hSPSb1

fl = . A2.1.4a
me
h,P, (1-C,-Cyb,)+h P (1-D.)
g,omt1 2 3% 33 2 A2.1.4b
me
“hgPsb_~h,P.C,b
£, =220 2130 A2.1.4c
mc

The same process is repeated for Case 2 when the flow

path is reversed:

T, + C,T

C1 = C2 for case 1
C2 = C1 for case 1

The

the

C3 = C3 for case 1
Tz = by *+ byTy *+ b,T)
where
b= b_ for case 1
o 0
b1 = b2 for case 1
b2 = b1 for case 1

two equations for the air temperatures for case 2 are

same as before

A2.1.3



dT,
dx

+

where

el=

€2

£1Ty * £2T5 * 5

= 0

: h3P3(1—b1)+h1P1(1-C1-C3b1)]

me

P1C3bo

hZPl(-CZ-Csz)—h2

C
M

b -th C.b

~hgPsb,-h,P;Csb,

mc

—UlPl[C1+C3bl]

me

UPy

mc

[1~C2~C3b2]

UIP C.b

_ TP171+3%

mey,

A2

AZ.

AZ.

AzZ.

AZ.

AZ.

A2,
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1.

4

.3d

.3e

.3f

.4d

JAde

Af
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2.2 Solutions to Reduced Differential Equations for
Different Sets of Boundary Conditions

For both cases 1 and 2 the general form of the simul-

taneous differential equations are:

1 =
-~ * elTl—esz - €z = 0 A2.1.3
de
T + flTl + fZTZ + f3 = 0 A2.1.4

The solutions to these equations for the two sets of boun-

dary conditions of interest are:

m; X m,X ,
T1 = Mle + Mze * g A2.2.1
and
M, (m,+e,) m,X (m,+e,) m,X '
T, = 0 S S SR A Mzﬁ_z__l_ e 2 4 g, A2.2.2

€2 °2

:mi and;m2 are the roots to the second order characteristic
equations obtained when A2.1.3 and A2.1.4 are uncoupled.
For all cases of interest where the mass flow rate, m,

and the effective solar radiation, Seff’ are non-zero, the

roots my and m, are real and unequal.
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- (e +f )+ /(e +f ) 4(e f +fzel)
my = 7 A2.2.3

(e +f ) /(e +f ) 4(e f +f e )

m, = z A2.2.4

f,e,-e,f .

g = ggfé:fzg— A2.2.5

2t17%2%1

e.f +e f
13731

g, = -( ) A2.2.6
2 e fy+iyeg

The coefficients M1 and M2 are determined by the sets
of boundary conditions used. For the flow situations
where the entire colleétor length is being considered
(see Figure A2.2a), the set bf boundary conditions for

both case 1 and case 2 are:

1. at x=0, T1=T2

2. at x=L, T1=Tin where Tin is the inlet air tem-

perature to the collector.

Solving for M1 and M2 gives:
my L
Tin 81 (82781) | rve—s
("1 71 T2)

M, = : °2 A2.2.7
m, L (Mp*1702) L
(m +e 2) e
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TEMPERATURE DISTRIBUTIONS
FOR DIFFERENT SETS
OF BOUNDARY CONDITIONS

L= ENTIRE TUBE LENGTH

FIGURE A-2.20.

L= TUBE SEGMENT LENGTH

R |

)
|
A'NNULUS-) l
|
|

T —.-// UpeLive RY TuBE |

A e L e

4

L o]

FIGURE A-2.2b



152

MZ = — A2.2.8

For situations where it is desirable to investigate only
a section of the absorber tube length (i.e., investigating
length dependent convection coefficients), the general
temperature distribution shown in Figure AZ.2b applies.
Here the temperature at x=0 of the hot stream, and x=L

of the cold stream are known. The length L is now the
length of the collector tube section of interest. The
figure shows a temperature distribution for case 1, where
the cold air enters the delivery tube, but the equations
apply for case 2, also.

For this situation, the boundary conditions are:

1
lar

1. at x=0, Tz =T, 50

il
!

2. at x=L, T1

the temperature distribution is the same as given in
Eqs. A2.2.1-A2.2.6 but the coefficients M; and M, are now:
in,L
Ty in = 81 - Mpe 2

M1 = ehML A2.2.9
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_ m2+el €

M2 = A2.2.10
(m1+el) (mz-ml)L
LTy :

2.3 Convection and Radiation Conductances

To eliminate the need for solving for the inside
surface temperature of the delivery tube, an overall heat
transfer coefficient Ul from the outside of the delivery

tube to the air inside the delivery tube is defined:

A, = 1n(R1/R11% : ~ A2.3.1
7KL AL
where
Ay, = DL
Apy = w5tk

where Dli is the inside diameter of the delivery tube then

g % 1 . A2.3.2
1 = Dy In(D;/D;) D

+
1914

2K h
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Duffie and Beckman [3] show that the radiation heat trans-
fer between two coaxial cylindrical surfaces at constant

temperatures T and T, can be expressed as:
_ B ~ 4 ] 4
Q, = Q3 = eWESAlFW3a(T3 “T,; ) A2.3.4

where FwS is the total ekchange factor from the surface
at temperature TW to the surface at temperature T3. For

the case of two coaxial cylinders with inner cylinder at

T
w

F = 1
w3 1-Fzzp5703

¥ A2.3.5
3ww

For surfaces that are not at uniform temperatures,
but have temperatures varying with length, eq. A2.3.4

‘can be approximated by writing:

Q, = ewesAlﬁwso(%34~%w4) ' A2.3.6
where
L
A4 1 j; 1
1.0 =L §rtax A2.3.7a
0
c 4 1 (.8
T =~f;§'Tw dx A2.3.7b
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~

T, and %w are the fourth roots of the mean fourth
power absolute temperatures of the inner and outer sur-
faces, respectively. Unless the temperature gradients
are very steep with length, %3 and %W are usually close
to the mean first power absolute temperatures of the
absorber tube and delivery tube.

The radiation heat transfer can also be expressed as:

Q, = hp Ay (Tz-T) A2.3.8
then
h = egesF, Lo [(T) 24 (T )71 (T+T ) A2.3.9
and
h.; = }..1.}"1‘[_.\1_ = }igﬂzl_ A2.3.10
31 31
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