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SECTION 1

INTRODUCTION

Vacuum tube solar collectors which have been developed for heat-
ing only systems, heating and cooling systems, and process hot
water systems provide optimum performance at approximately 250°F
with maximum operating temperature in the 300-350°F range. It
now appears that a collector designed for higher temperature oper-
afion is required for a large portion of industrial process heat
applications. Analyses of potential applications indicate that a
collector designed to operate in the temperature range of 350-
500°F would cover a wide range of process heat applications, in-
cluding process steam. A study and preliminary breadboard tests
were inititated to determine the best approach for a collector
concept that would operate satisfactorily in this temperature
range. They indicated that maximum use could be made of existing
TC-100 collector technology with an appropriate increase in con;

centration ratio.

This collector technology described in reference 1, is built
around the GE evacuated shroud and finned serpentine fluid loop.
Increasing the concentration ratio lowers the thermal losses
(thermal losses are inversely proportional to the concentration
ratio) and thereby increases efficiency at higher temperatures.
Intimately related to the increase in concentration ratio are; an
increase in stagnation temperature, a decrease in collector field
of view - the angle, measured from the normal to the aperture

plane, over which radiation passing through the aperture will
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strike the absorber; an increase in the amount of energy that 1is
reflected or refracted into the absorber. As the TC-100 compon-
ents are taken to higher temperatures and concentration ratios,
several hardware limitations arise. Some of the specific consid-
erations are listed below:

1. The capability of the serpentine to operate in the
350-500°F range as well as withstand stagnation
temperatures of 900°F.

2. The capability of the serpentine to transfer a high
heat flux without introducing high thermal resist-
ance between the absorber and working fluid.

3. The ability of shroud to withstand high heat transfer
rates and high stagnation temperatures without glass
breakage.

4, The ability of selective coating to withstand stagna-
tion temperature without degradation.

5. The effect of increased concentration ratio on optical
efficiency.

6. The relationship between increased concentration and

tracking requirements.

The above considerations have each been addressed analytically
and experimentally. The results have led to the design of a 2.9
concentration ratio collector with an operating range of 350°F to
500°F and with a daily collector efficiency at 400°F of 40%. The
collector is designated the TC-300. This report describes the

collector theory, design and hardware; describes development pro-



grams (and results) aimed at extending the TC-100 technology to
this temperature range; and presents detailed performance test

data for the TC-300 collector.

This collector development activity was integrated with parallel
efforts which involved the application of the TC-300 collector to
a solar process steam system and a plan to supply shrouds and
serpentines to another collector manufacturer. In addition, the
program interfaced with other collector development, fabrication

and test activities underway at the Valley Forge facility.

This report also describes the build and test of a tracking para-
bolic trough - another avenue to high temperature solar collec-
tion. Performance comparisons between the tracking trough and

TC-300 are made.

The final section of this report describes the invention of a flow
throug evacuated shroud for use with the TC-300 collector. The
benefit of this shroud lies in the reduction of piping heat loss

and fluid loop cost.

1-3/4






SECTION 2

COLLECTOR HARDWARE DESCRIPTION

Figure 2-1 shows the major physical characteristics of the TC-300
collector final design. All of the major collector components

will be discussed in this section.

2.1 OVERALL CONFIGURATION. The load carrying structure for each

collector is composed of the reflector substrate (aluminum), four
bulkheads (aluminized steel), four longitudinal rails (aluminum),
and the mounting pipe (steel) to which the collector is attached.
Six GE evacuated tube collector shrouds act as receivers of the
solar energy. Each shroud is positioned in a separate compound
parabolic cusp. The reflective surface of each cusp uses a metal-
ized protective coating. The fluid loop which extracts useful i
heat from the receivers is made up of a finned serpentine tube
connected to the inlet-outlet headers. The tubing used is % inch
diameter stainless steel. Aluminum fins are clamped to the tube.
These fins also make thermal contact with the inner glass surface
of the shrouds and thereby transfer heat from the shroud to a
coolant flowing in the serpentine tube. The inlet-outlet headers
are comprised of 3/4 inch diameter stainless steel tubes and are
integral to each colleétor module. When joined in the field,
these headers provide parallel fluid flow through each collector.
The collectors are designed to provide a 2.9:1 concentration ra-
tio. The collector is mounted east-west with four seasonal ad-
justments used to keep the sun's rays within the acceptance angle

of the reflector cusp. (Analytical studies have shown that four
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adjustments provide within 1 or 2% of the energy provided by
daily adjustments on an annual bases.)

2.2 SHROUDS. Figure 2-2 shows the GE evacuated glass shroud. -
Two concentric glass tubes are used, with the outer one being
transparent. The outer surface of the inner tube has an optical-
ly selective coating, and acts as the solar absorber. Standard
fluorescent lamp tubing is used. The region between the inner
and outer tubes is eQacuated, to essentially eliminate conduction
and convestion losses from the inner tube. The emissivity of the
optical coating is a relatively linear function of temperature,
ranging from 0.04 at 200°F to 0.06 at 400°F. Testing of these
shrouds at the 2.9:1 concentration ratio has been conducted at a
stagnation temperature of approximately 900°F, with no increase
in emissivity. An 1insulation plug 1is inserted in the open end of
each shroud to prevent convection currents from thermally connect-

ing the inner tube with ambient air.

2.3 SERPENTINE. The serpentine configuration is illustrated in

Figure 2-3 which shows the piping network for two adjuacent col-
lectors. All piping, with the exception of junction tubing, is
integral with each collector module. As can be inferred from the
diagram, all collectors in the field are fed in parallel. The
headers are sized to ensure unifo;m fluid flow through all collec-
tors. All tubing connections are brazed joints. Eight collec-
tors are fed from each 3/4 inch diameter tube run. The header,
which is held at the center (and expands from that point), will

expand a total of approximately 3 inches at an operating tempera-
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ture of 400°f. The 1/4 inch to 3/4 inch "T" farthest from the
center on each side will move about 1.5 inches. This expansion

is accommodated by a 1/4 inch flexible tgbe between the indivi-
dual header "T" and the point where the serpentine tube is fixed
relative to the collector structure. Header tubes are nested in
a single run of commercial pipe insulation as shown in Figure 2-1.
Nesting pipes in this fashion significantly reduces piping heat

loss and insulation cost.

1/4" SERPENTINE

o

1L ° 5 ) [ -
— - TOTAL OF 8

71 C ][ COLLECTCRS BETWEIN
> C D PIPES A AND B

= i‘fﬂ iy n

/4" HEADER

-

Figure 2-3

Heat is delivered from the evacuated shroud to the coolant via

the aluminum fins mentioned previously. These fins conform to,

and make contact with, the inner shroud (tube) surface. The clamp-
ing mechanism which holds the fins to the serpentine tube is shown
in Figure 2-4. The clamp material is Inconel X750. A stainless
steel spring is used to insure thermal contact between the alum-
inum fin and the glass shroud. The thermal resistance of the as-
sembly shown in Figure 2-4 has been determined in a series of

bench tests. Resistance from the absorber to the 1/4 inch ser-
pentine tube is 0.35 hr. ft. 9F/Btu. This resistance does not

increase on exposure to stagnation temperature (900°F).
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Coolant Tube (Return)

Fin

Clamp

Coolant “~=m=eInner Glass Shroud

Tube

Figure 2-4. Serpentine-Shroud Interface



2.4 REFLECTOR.

Two reflector options may be used in the TC-300 collector. One
is the GE patented Alglas coating applied to .025 inch #5457
bright rolled aluminum. The second option is a metalized UV
stable polyester film laminated to either steel (.018 inch thick)
or aluminum (.025 inch thick). Both have an effective reflecti-

vity of roughly 847%.

2.5 SUPPORT STRUCTURE.

The major structural elements include the reflector panels, the
four bulkheads, and the mounting pipe (Figure 2-1). The collec-
tor is sized to sustain a load of 40 pounds per square foot, nor-
mal to the aperture. Because of the large moment of inertia of
each cusp, longitudinal bending stresses in the reflective sub-
strate are negligible. The load on each reflector is transmitted
through the bulkheads to the mounting pipe. Each bulkhead is
therefore subject to a bending stress. The maximum bending mo-
ment occurs beneath the center cusp. A doubler is located at
that point in order to reduce this stress. The doubler also pro-
vides the flange which allows the bulkhead to be clamped to the
mounting pipe. Clamping is achieved with a U-bolt assembly.

Torsional stiffness of the collector is provided by the mounting

pipe.
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SECTION 3
COLLECTOR ANALYSIS

This section derives the system equation for the efficiency of the
TC-300 versus fluid temperature. Such a model is required to make
cost effective design decisions. Efficiency can generally be in-
creased with an increase in hardware costs. Since solar systems
must be designed to maximize the ratio of delivered energy to life
cycle costs not all increases in efficiency are cost effective.
Likewise, neither are all cost reductions. Hardware decisions
should be based on whether they increase the BTU per dollar.
Therefore, an efficiency model based on the properties of hardware
components (reflector, absorber, insulation, heat transfer sur-

faces, etc.) 1is required.

The general characteristics of a compound parabolic concentrator
will be discussed prior to the derivation of the TC-300 system
equation. The concentration ratio of a solar collector is defined
as the ratio of the aperture area to the absorber area. Concen-
tration of solar energy is necessary whén high temperatures are
required since absorber losses depend on temperature and area.
Intimately related to concentration is the acceptance angle, the
solid angle over which radiation is accepted without moving all
or part of the reflector. In general, high concentrations imply
small acceptance angles. As shown in reference 2, the maximum
possible concentration for a given acceptance half angle ©Oc is

1/sin ©c for a two-dimensional concentrator. Concentrators which



achieve this limit are termed ideal. A compound parabolic concen-
trator as shown in Figure 3-1(from reference 1) is such a concen-
tration. The geometry of the reflector is such that sections AD
and AF of the concentrator are convolutes of sections AC and AB

of the absorber. For the rest of the concentrator it is required
that at any point P of the reflector the reflector normal bisect
the angle between the line PT (tangent to absorber at T) and the
ray incident on P at angle ©c. Figure 3-1 shows the major penal-
ty associated with ideal concentration - a large ratio of reflec-
tor area to aperture area. This may be partially off set by trun-
cation; i.e., the upper regions of the reflector represent a small
fraction of the aperture and may be removed with a small effect on
concentration, but with a large material savings. The TC-300

cusp has the shape of an ideal concentration ratio of 4.1, but

is truncated to an actual 2.9 CR. The ratio of reflector area
to aperture area is 2 to 1. Acceptance half angle is 13°. The
cusps are oriented east-west. Four seasonal adjustments in ele-

vation to maintain the sun's rays within the acceptance angle are
sufficient to provide within 997% of the energy collected with

daily adjustment of the elevation angle.

The derivation of the system equation now begins with the heat
balance on the absorber surface. It is assumed in what follows,
that the collector is oriented such that the sun's beam radiation
falls within the collectors acceptance angle. For this case

Qr = Quy + Qg (1)

where



Figure 3-1.
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Qr 1s the energy incident on the absorbing surface
Quy is the energy delivered by the absorber to the
collector coolant (useful energy)
Qp is the heat lost by the absorber to the surroundings
Qr is given by
Qr = (K3 qp + Kz qp) Ay (2)
where
K; is the optical efficiency with which beam radiation
is delivered from the aperture to the absorber
Ko is the optical efficiency with which diffuse radia-
tion is deliveredAfrom the aperture to the absorber
qg is the beam radiation incident on the aperture
qp is the diffuse radiation incident on the aperture
Ay 1is the aperture area
Ky is given by
k1 = [aMp 1 +oNET)g (1-1) (3)
where
F is the reflectivity
N is the average number of reflections solar radiation
incident on the reflector.
@) is the effective absorptance and transmittance of
the receiver assembly.
I is the fraction of radiationiwhich strikes the ab-
sorber directly.
I is expressed as the ratio of the planform area of

the absorber to the aperature area.



An effective (@T) is used since radiation entering the aperture
in different locations impinges on the receiver at different an-
gles. Both ‘thransmittance) and 9 (absorptance) are functions
of incidence angle. Detailed beam tracing (analytical or exper-
imental) could be used to directly calculate K;. To date an ef-
fective (97) has been employed. Subscripts ﬁ and R are used to
indicate that the effective absorptance-transmittance product may
be different for direct and reflected radiation.

Ko, is empirically given by

Ky, = I_8&1) +°Netr) (1-1) (4)
CRyrT
where
CRyr is the untruncated concentration ratio. For the
evacuated tube design the heat lost from the col-
lector can be written as
Qr = 4arA7 + Qrf + QT (5)
where

q,r is the heat reradiated by the absorber per unit area

A2 is the absorber surface area

Qrr is the heat lost from the fins inside the inner
tube through the insulation of the header region

Qrr is the heat lost from the serpentine in the header
region and from inlet and outlet header pipes.

These various heat loss terms can be expressed as follows:

Ay = €0 (Tps? - Tag™) (6)
Qg = (Tf - T N (7)
Ry
Qrr = (T¢ - Too) (8)
(R /@)
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where
€ is the emissivity
0 is the Stephan-Boltzmann constant

T is the absorber temperature

abs

T¢ is the fluid temperature

Ry is the insulation resistance per shroud

Ry is the insulation resistance per unit length of ex-
posed coolant

,Qis the length of header tube (includes pieces of ser-
pentine outside shroud)

N is the number of shrouds

Expressions for Ry and Ry may be directly derived. For the pre-

sent, however, it will be more convenient to work in terms of

thermal resistors. Equation 1 can now be written as
[dt)p 1 +pNeat)ga - 1) GB + qD>_
" CR

Qu €d(Tabs4 - T°°4) (Tg - Too)N (Tf - T°‘)
+ + +
Ay CR R1Aj (Rp/2)Aq (9)

The term (qp + qD/CR) represents the energy in the aperture and
will be denoted as qp. For convenience use K to denote BW?ODI +

f)NG#r)R(l - Iﬂ 3 K is the optical efficiency of the collector.

[

Note that radiation losses occur at the absorber temperature while
insulation losses occur at the fluid temperature. These two temp-
eratures may be related by the thermal resistance of the glass-
fin-tube assembly. Denoting this thermal resistance per unit

length of shroud by kw yields:



Tabs - Tf = Rw Qu (lO)
NL

where L is the shroud length and other quantities have been identi-

fied previously.

equation 1u will be used to eliminate Tabs from equation 9. Some

complexity arises by virtue of the fact that T_ g is raised to the
fourth power. However, since the temperature difference between
Taps and Tg is small compared to T,pg the binomial theorem can be

used to yield:

RwQu

Tabs4 = (Tf + 5

)4 Tet 4 argd Tl (11)

Equations 10 and 11 can be used to transform equation 9 to

- Qu , EI(TF*-Tao®) | 4€4T£3RyQuAZ . (T§-Teo)N , (T§-Taq)
fap " a1 * CR *TTAIND T TRrar T (Re/DA1 (12)

Equation 12 is now divided by KqA. In two of thé terms on the
right hand side the term Qu/qAAl will appear. This term is the
efficiency of the coullector and will be denoted asﬁ?. Note also
that A is given by7?/DNL for circular absorbers. Here D is absorb-
er diameter and L absorber length. Making use of the above, equa-
tion 12 can be transformed to:

(Teb-Togh) Lgi:g,g{%g (T£-Too)
)7 . K-  CRgqg - CRmMDLgs R/ - (RT/R)A1qs (13)

1 + 4EdTE RynwD

The numerator of equation 13 is the classical efficiency expression
when the collector resistance (R,) is ignored. The numerator re-
flects the efficiency gain which accrues from higher concentration
ratios. The denominator contains the effect of the thermal resis-
tance which occurs between absorber and working fluid. For Ry=0

the denominator is unity and the classical efficiency expression is



recovered. For R, #0 the second term in the denominator reflects
the fact that the absorber is reradiating heat at a higher temper-
ature than Tg¢.
Equation 13 was used to make several key design decisions as well
as to predict collector efficiency. Hardware design decisions
should be based on whether they increase the energy delivered per
installed dollar (BTU/$). 1Increasing the BTU/$ is equivalent to
increasing the efficiency per dollar of installed cost as shown
below. The energy collected by a solar system is given by
dc =N qgA (14)

where q. is the energy collected over the systems life

qg 1s the solar insolation available during the systems life

is the average efficiency
A 1is the system aperture area

Dividing equation 14 by the total system cost, T, gives

4c - Mgsa (15)

T T
T/A is the cost per square foot of the system. Designating this

cost by c leaves

= (K)QS | (16)

T C
q./T is the BTU/$ delivered by the system. Since qg is beyond the
control of the solar designer, maximizing the BTU/S is‘equivalent
to maximizing7?/c. Thus designAchanges should be considered in
light of whether the associated increase (decrease) in efficiency
is greater than (less than) the associated increase (decrease) in

system cost per square foot of aperture.



SECTION 4

SERPENTINE DESIGN

The serpentine design is an excellent example of the tradeoff be-
tween hardware dollars and efficiency. As mentioned above, the
goal of this tradeoff is to increase the energy delivered per dol-
lar of installed cost. In this section the term serpentine will
be used to include the 1/4 inch U-tubes, the fins and clamps which
thermally join these tubes to the shroud, the 3/4 inch headers,
and all insulation. As hardware dollars are increased in the fin
and clamp assembly the thermal resistance, Ry in equation 13, de-
creases and performance increases.At a certain level of fin and
clamp cost the BTU's/$ are maximized. Likewise as hardware dol-
lars are invested in insulation thickness the performance increas-
es. A specific insulation thickness can be calculated which maxi-

mizes the BTU's/S.

4.1 SERPENTINE THERMAL RESISTANCE

The effect of serpentine thermal resistance on collector perform-
ance is included in equation 13. For convenience, this equation
is written as
N = % (17)
where 77 is the actual efficiency
no is the efficiency with no thermal resistance
between fluid and absorber (ideal efficiency)

k = 1
1 + 4€T¢§3Ry D

(18)

Figure 4-1 plots k as a function of Ry for five temperature levels.
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The higher the temperature, the more severe the effect of the ther-

mal resistance.

The net thermal resistance is the sum of the thermal resistances
of each component across which the useful heat must flow from the
absorber to the fluid. These are the resistance of the inner
glass shroud, Rg, the air gap and fin, Rg, and the fin-coolant

tube juncture, R.. Rg and Ry are given by

- (ro/ri) ;
Rg 21Tk22 (19)

(20)

1
Vkakft/GXQanh(mL)

where r, = outer radius of inner tube
r; = inner radius of inner tube
/6 = length along serpentine (into the paper in
Figure 2-4)
t = fin thickness
G = air gap thickness (assumed constant around
circumference)

L = lengthvof fin from weld (or clamp) to free end

kg = glass thermal conductivity
kg = fin thermal conductivity
k, = air thermal conductivity
and k
2 a
m = ————
kftG (213

The expression for R¢ results from manipulation of the classical

fin analysis for the case in which a fin receives heat by conduc-



tion across an air gap. R, 1is not amenable to a concise analyti-

cal treatment and must be determined through experimentation.

Experience with the TC-100 copper serpentine/fin revealed a poten-
tial corrosion problem at temperatures exceeding 400°F, and in
particular, at the stagnation temperature of 900°F. Since this 1is
in the operating range of the 3X solar collector, it is judicious
to select materials other than copper for the serpentine/fin.
Additionally, due to the high concentration ratio of the 3X col-
lector, it is necessary to use materials which can withstand stag-
nation temperatures up to 900°F. The two materials selected for
the serpentine assembly are an aluminum fin and stainless steel
tubing. Due to the different thermal expansion coefficients of
these materials, it was necessary to design a mechanical clamp
that has durability, low cost and ease of assembly. Both Inconel
and A-286 alloy_were considered for the clamps; Inconel was selec-
ted after initial testing. Figure 2-4 shows a typical clamp fin
arrangement. Two distinct testing programs were undertaken. The
first studied the thermal resistance of the clamp assembly alone.
After this initial testing lead to clamp material choice, a second
test program was initiated to study the thermal resistance of the
entire heat extraction assembly (glass, air gap, fin, clamp, cool-
ant tube). The results of these test programs are discussed in
References 4 and 5. Figure 4-2 summarizes the final test results.
Here the thermal resistance of the heat extraction assembly (inner
glass to coolant tube) is shown versus various hardware configura-

tions. The first assembly, copper-copper, is the current TC-100
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design. Measurements of the clamped aluminum fin thermal resis-
ance were made both before and after a two hour exposure to 1000°F
(stagnation simulation). At this temperature the aluminum fin
yielded and fell away from the shroud. An internal spring was
therefore required to maintain the aluminum fin in thermal contact
with the inner glass shroud. During this testing clamp length and
clamp spacing were both varied. The cost associated with each op-
tion was detefmiﬁed along with the thermal resistance. The ther-
mal resistance was ﬁsed to calculate efficiency.. Serpentine cost
was added to the remaining collector cost to determine total in-
stalled cost. Therefore, the energy delivered per unit of install-
ed cost was known for each clamp length and spacing option. It
was found that 1 inch clamps spaced three per foot were the most

cost effective clamp arrangement tested.

4.2 INSULATION THICKNESS

A major source of heat loss in solar collectors are the losses
associated with the header pipes which transfer the fluid to and
from the collectors. In designing the TC-300 collector, the head-
er pipes were analyzed to determine a cost efficient method of re-
ducing the heat loss. Two basic methods were analyzed and com-
pared for cost and efficiency. The two different configurations

of insulation are shown in Figure 4-3.

A piece of insulation pliable enough to conform to the shape of
the pipes is placed between them in the nested configuration to

cut down on heat transfer between the two pipes. The heat loss



to the ambient air and the heat transfer from pipe A to B in the
nested configuration were calculated. The nested pipes were mod-
eled to be two semi-circles of insulation with a piece of insula-

tion between the two halves. (See Figure 4-4).

3/4" Stainless

/”<::§\\\\

Pliable Insulation
3/4" Stainless
_~ Steel Tubing

Insulation Insulation -

Figure 4-3. Insulation Configuration Candidates

Pipe B

Pipe A
Fluid at 370°F

Fluid at 400°F

///{;;%L“-—— Insulation

Figure 4-4. Insulation Model

The equation used to determine the heat loss from the semi-circle

is:
q = (T - Toa) (% )
Lo (£2/11) (22)
2k £
where:



T; is the fluid temperature in Pipe A or Pipe B

Teo 1s the temperature of the ambient air

ry is the radius of the semi-circle including insula-

tion

ri is the radius of the Pipe A or B

k 1is the conductivity of the insulation

f is the length of one collector
The equation used to determine the heat loss from the middle sec-
tion is:

(It T2,

_ ka 2 - Toe
q = 5.2 (23)

where:

K 1is the conductivity of the insulation
A 1is the area of the insulation
Tgo 1s the temperature of the ambient air
Ax 1s the thickness of the insulation
£ 1s the length of the collector
T; + Ty
———E———-is the average of the two fluid temperatures in the
pipes
The heat losses calculated from these equations were then added
together to approximate the heat loss from the entire model. The
heat loss from the separated pipes were calculated by using the

following equation:

(Ti - Tw)
q = ,Zm(rz/rl) (24)
2Tk L

where the variables are defined as for Equation 22, Each design



has its own optimum insulation thickness 1.e., the thickness that
maximizes the delivered BTU/8. For the nested configuration this
thickness is 2 1/2 inches (as shown below), for the separated

heat pipes it is 3 inches. The resulting heat losses per 8.5 feet

of header piping (the length of one collector) are:

Nested Pipes Separated Pipes

220.15 Btu/hr. 329.8 Btu/hr.

Less insulation is used with the nested configuration (less cost).

Thus nested header pipes are the superior design approach.

An insulation thickness must be chosen for the nested assembly.
The thickness and thermal conductivity of the insulation deter-
mines the thermal resistance, Rp. Equation 13 shows the depend-

ence of efficiency on RT. The dependence of insulation cost on

Ryt was determined from vendor quotes. Ry was then increased until

the energy delivered per dollar was maximized.

The remaining insulation term in equation 13 is Ry. It repre-
sents the thermal resistance between the fins in the inner shroud
and ambient air. In the TC-100 this heat transfer path is con-
trolled by blanket insulation in the serpentine box and by the
tendency of the hot air in the inner tube to stagnate. (TC-100
collectors are installed north-south with the open end of the
inner tube lower than the domed end.) Char patterns in the ser-
pentine box insulation, however, indicate that convezctive currents

do transfer heat from the fins to ambient air in the TC-100 design.

Such convective currents can be expected to increase when the tubes

4-9



are mounted horizontally (as in the TC-300 east-west configuration).

Analytically quantifying this heat loss would be extremely diffi-

cult and of limted accuracy. The decision was made to insert an
insulation plug in the open end of each shroud. The thermal re-
sistance across each plug is given by Ry (see equation 13). Since

the heat loss without the plug cannot be quantified the increase
in Z’is unknown. However, the associated cost is minimal. Engin-
eering judgement indicates the BTU's/$ have been increased with

this decision.



SECTION 5

TC-300 THERMAL RECEIVER

5.1 GLASS SHROUD EVALUATION AT 2.9 CONCENTRATION.

The evacuated shroud which acts as the r;ceiver in- the TC-3QO de-
sign is the same as that used in the TC-100 collector. Extending
the shroud to a higher concentration system imposes larger stress
levels and therefore, the potential for glass breakage must be in-
vestigated. Three major failure modes are functions of the con-
centration ratio. All involve the occurrence of thermal stress;
i.e., stress induced by differential thermal expansion of the

glass.

A failure mode results from the transfer of heat from the absorb-
ing surface of the inner tube (outer surface) to the inner surface.

The transfer of heat across this tube induces a higher temperature

on the outer surface than on the inner surface. This is a classi-
cal problem in stress analysis, see Reference 3. The stress is
given by

- EAT

G = (1) (25)

where ¢ is the coefficient of thermal expansion
E is Young's Modulus

/V is Poisans ratio



T is the temperature differential across the glass

The stress depends on the amount of heat transferred and therefore,
on the concentration ratio éwith increasing concentration ratio

the amount of heat collected by shroud increases). At a concen-
tration ratio of 1.0875 (TC-100) this stress is 360 psi. At 2.9
CR (TC-300) the stress is 1,200 psi. This stress is sufficiently

large to require experimental monitoring of this failure mode.

Stagnation also imposes a thermal stress. At stagnation, the
inner glass tube runs at a temperature significantly higher than
the operating temperature. The outer shroud, however, remains
fairly close to ambient temperature. This situation imposes a
thermal stress on the DeWar seal which increases with stagnation
temperature (and therefore with increasing concentration ratio).
Testing was therefore required to determine the potential for

TC-300 stagnation temperatures to induce glass breakage.

Thermal shock may also cause glass breakage. The term thermal
shock refers to flowing a fluid through the serpentine which has

a different temperature than the glass shroud. Thermal shock typ-
ically occurs when cold fluid begins to flow through a collector
already exposed to solar insolation. The critical parameter is
the temperature difference between coolant and shroud. The gener-
al shroud temperature increases with concentration ratio. Coolant
temperature upon startup, however, is tied to the ambient tempera-
ture rather than concentration ratio. Thus thermal shock becomes

more of a hazard as concentration ratio increases. Glass breakage
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is a catastrophic failure which can be visually detected. The
stability of the selective coating on the inner shrou& is not as
easily monitored. Changes in the emissivity or absorbtivity of
this coating will affect the performance. The stability of such
coatings depends in part on the temperature to which they are ex-
posed and is therefore related to the concentration ratio. An
experimental program was designed to insure the adequacy of the

coating when used in the TC-300 configuration.

5.2 TEST RESULTS OF SHROUDS EXPOSED TO 2.9 CONCENTRATION.

The breakage potential of the TC-300 shrouds was monitored during
performance and stagnation testing. Results are outlined below:

- The heat flux associated with 2.9 concentration did not
shatter the shrouds during normal operation. At a concen-
tration ratio of 13 (TC-400) the shrouds shattered as soon
as the collector was focused.

- Shrouds can withstand a stagﬁation temperature of 900°F.

- Starting the TC-300 collector with the shrouds already up
to temperature (~400°F) resulted in severe glass breakage.
Such a procedure has been attempted twice (in each case
after the glass successfully withstood stagnation). 1In one
instance, three shrouds broke; in the other instance, two
shrouds shattered. It is difficult to determine the exact
coolant temperature which caused the failure since slugs
of relatively cold fluid may occur in some of the test loop

lines.



The results outlined above indicate that proper startup of the sys-

tem is critical if glass breakage is to be avoided.

The stability of the selective coating was also experimentally
monitored. Shrouds which had never experienced stagnation were
allowed to achieve successively higher temperatures on separate
days. At selected temperature plateaus the collector was covered
and the temperature decay measured. The decay rate is a function
of emissivity,é€. In fact the decay rate can be used to calculate

emissivity through the equation

C dT
€ d (T,ape-Tapp? )UD = Mgf.p_z + ”_”.u.%m dlabs (26)
where g is the Stephen Boltzman constant

Tabs 1is the absorber temperature
Tamb is the ambient temperature
D is the absorber diameter

m is linear density

Cp is specific heat

L is absorber length

t is time

and subscripts g and cu represent glass and copper respectively.
(A copper serpentine was used in this test.) The results of this
test are shown in Table 5-1 and indicate no increase in emissivity
on exposure to the higher stagnation temperatures characteristic

of the TC-300.



Table 5-1. Effect of Stagnation Temperature on Emissivity

Highest Temperature To Which € At 400°F As Calculated
Shroud Had Been Subjected From Equation 26

700° F .0705

880° F .0654

950° F .0673

The stability of the coating may also be assessed by measuring
performance before and after exposure to stagnation. Such tests
are underway as of December, 1978. Initial results indicate no

decrease in performance.

A third indication of the stability of the coating is the magni-
tude and repeatibility of the stagnation temperature attained at
2.9 concentration,Through a complete summer of stagnation testing
a 900°F temperature was consistently attained on all clear days at
solar noon. This corresponded to roughly 45 cycles to the full

900°F stagnation temperature.
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SECTION 6

STRUCTURAL DESIGN

6.1 STRUCTURAL DESIGN.

The major fuctions of the TC-300 collector structure are
1. to maintain the raflector in its correct optical
position relative to the absorber under antici-
pated wind loading;
2. to support piping and insulation;
3. to allow seasonal rotation in elevation of the

collector.

Two separate structural approaches to the TC-300 have been invest-
igated. One employed a structural polyurethane foam blown into a
mold with the required optical shape. The second approach was a

sheet metal design in which the parabolic shape is generated by a

blanking and stamping operation. The latter approach proved to
be the more cost effective and is discussed in detail below. A
brief overview of the structural foam design is also given. This

section also contains the structural analysis required for the

fluid loop design.

6.2 STRUCTURAL FOAM DESIGN.

The structural foam concept is based on the polyurethane mold
shown in Figure 6-1. Figure 6-2 shows the assembly of the mold

with the reflector and hydraulic network. The layout of the la-
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Figure 6-1. Structural Foam Reflector Substrate
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test design appears in Figure 6-3. The appendix contains the
structural analysis of the foam collector (Appendix A) and the
product specification for the polyurethane foam (Appendix B).

The collector is capable of withstanding a 100 mph wind and 20 psf

snow loads.

Three polyurethane substrates (Figure 6-1) were molded in order to
assess the producibility of this design. One complete collector
assembly (Figure 6-3) was manufactured. A photograph of this as-
sembly is shown in Figure 6-4. The cusp surface of all three
polyurethane molds was irregular. Cusp dimensions varied by 1/8
inch over the length of the cusp. Both effects made bending the
reflection to the polyurethane difficult. Delamination was noted
on exposure to outdoor weathering. The TC-300 must be rotated
seasonally. Mounting a number of collectors to a single rotable
pipe was a very direct method of meeting this requirement. The
structural foam design did not efficiently utilize this mounting
pipe for either the bending or torsional stiffness it afforded.
In a cost comparison between the foam and sheet metal collectors
the latter was less costly and had less risk associated with its

producibility.

6.3 SHEET METAL STRUCTURAL DESIGN.

The main structural components of the TC-300 sheet metal design
are outlined in Section 2. A detailed stress analysis was per-

formed on each component assuming a design wind loading of 40 1lbs/

fr.2, Appendix B contains the design calculations.
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Figure 6-4. Structural Foam Collector



6.4 FLUID LOOP.

Two. locations in the TC-300 fluid pipe loop were analyzed to de-
termine alternating plus steady stress intensity due to pressure,
temperature and component expansion. The areas analyzed were:

1. Header pipe welded branch connection.

2. Hairpin expansion tube.

The two loading conditions used in this analysis were the opera-
ting pressure and temperature and the occassional condition of

pressure and temperature at stagnation.

Appendix C contains the design calculations for the fluid loop.
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SECTION 7

PERFORMANCE TEST RESULTS

7.1 INTRODUCTION

The performance of the TC-300 collector was experimentally monitored on a high
temperature (4000F) high pressure (500 psi) test loop specifically built during
1978 for the evaluation of this collector. Two collectors were placed in series
on this loop - the structural foam collector shown in Figure 6-4 and the

engineering prototype collector.

The engineering prototype collector had a more accurate reflector surface than
the structural foam collector (because of bonding and delamination proBlems

as discussed in Section 6.1). The engineering prototype was equipped with the
clamped fin serpéntine developed specifically for the TC-300. The structural
foam collector had the standard TC-100 copper-copper serpentine. The data
presented below was measured on the. engineering prototype collector.
Performance is based on the temperature differential directly across the
collector - 1/4 inch serpentine inlet to 1/4 inch serpentine outlet. In

other words, header losses are not included in the data discussed below.

7.2 TEST LOOP AND INSTRUMENTATION

Figure 7-1 shows the TC-300 unit with associated instrumentation. Temperature
measurements Tj, Ty, T3, T4 were in fluid measurements. Pressure measurements

P, P2, P3 and P, yielded the pressure drop across each collector and
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measurement M1 gave the flow rate. The direct (Il) and total (Iz) insolation
are measured on a plane parallel to the collector aperture. The collector tilt
angle was adjusted and recorded. The test loop-was set-up to vary flow rate,

inlet temperature and tilt angle.

7.3 TEST RESULTS

All of the efficiency data collected on the TC-300 collector is displayed in
Table 7-1 and figures 7-2 through 7-7. Table 7-1 is a compilation of all the
tests performed on the TC=-300 collector at the Building B test facility.
Figures 7-2 through 7-4 plot the efficiency versus inlet temperature for the
collector. Figure 7-2 is performance based on total insolation, Figure 7-3
is performance based on direct insolation, and Figure 7-4 is performance
based on the energy in the aperture. Energy in the aperture is defined as
the energy within the collector's field of view (+ 13°). All of the direct
energy falls within this angle. Empirically, 25% of the diffuse is within
this field of view, i.e.:

1 X % Diffuse
CRuntruncated

The efficiencies were all taken at solar noon. All of the results tabulated

in Table 7-1 are shown on these performance curves with the except-

ion of stagnation data.
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Figures 7-5 through 7-7 plot energy as a function of time for planar insolation,
direct insolation, and useful energy. The all day efficiency is computed from
these curves. Figures 7-5, 7-6 and 7-7 have inlet temperatures of 95°F, 3000F,

and 400°F respectively.

Figure 7-8 plots the instantaneous efficiency (based on total insolation) of both

the TC-300 collector and the TC-100 eight shroud collector.

The pressure drop across the collector clamped fin serpentine was 6 psi at

.25 gpm.

7.4 SUMMARY OF TEST RESULTS

o The TC-300 daily efficiency at solar noon (based on energy in the collector
field of view) is 45% when the fluid inlet temperature is 400°F.

o The TC-300 daily efficiency is 41% at a fluid inlet temperature of 400°F.

o Increasing the concentration ratio from 1.0875 (TC-100 8 shroud collector)
to 2.9 (TC-300 collector) decreases the optical efficiency from 60% to 487%.
Thermal losses, however, are reduced by a factor of 3. The net result is
that the efficiency of the TC-300 is less than that of the TC-100 8 shroud
below an inlet temperature of 330°F and greater than the TC-100 8 shroud
above this temperature. '

o Without regular cleaning the reflectors collect enough dirt to lower the
reflectivity and decrease performance .

o Shrouds did not shatter during normal operation or stagnation. Thermal
shock, however, shattered several shrouds.



7.5 DISCUSSION OF TEST RESULTS

The goal for the TC-300 collector was a daily efficiency of 40% at an inlet
temperature of 350°F. Such a goal justiéied the development of this new
collector. The TC-100 has adequate performance up to this temperature level.
Figure 7-7 shows that at an inlet temperature of AOOOF, the daily efficiency
using the energy in the aperture was 41.3%. Instantgneous efficiency at solar
noon was 45%. This efficiency was closely maintained on either side of solar
noon. This behavior is due to the fact that the TC-300 collector is oriented
east-west. The sun is within the acceptance angle for the great majority

of the day. Actual duration depends upon collector orientation. With four

ad justments per year, the average collection time is 8.76 hours per day.

Figure 7- 8 is a performance curve of the TC-300 collector versus the TC-100
8 shroud collector. The same shroud lot was used on each to eliminate the
variables in shroud manufacture. This curve illustrates the lower optical
efficiency of the TC-300 collector. The optical efficiency is the efficiency
obtained as fluid temperature approaches ambient temperature. The TC-300
collector does not begin to be more efficient than the TC-100 8 shroud
collector until an inlet temperature of 3250F. This curve also shows the
differences in thermal losses experienced by each collector. The thermal
loss is given by the difference between the optical efficiency and actual
effieiency. As theory would indicate, the thermal losses on the TC-300

collector are approximately 1/3 lower than those associated with the TC-100
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8 shroud collector.

Quantifying the difference in optical efficiency between the two collectors is
a major result of this testing program. Any sensible product line utilizing
the evacuated shroud must be built around the fact that as concentration ratio
increases, the optical efficiency decreases along with the desirable decrease

in thermal losses.

The optical efficiency model developed in Section 3 may lead to a better under-

standing of this phenomena. Optical efficiency, K, is given by:
N -
K = @CT)DI ‘70 (CN '/")R (1-1) (27)

See section 3 for the definition of each term. Both o and 7 depend on the
incidence angle between each beam of radiation and the absorber surface (04)

or outer glass shroud (7).

A detailed beam tracking computer program is required to accurately integrate
this effect over all radiation striking the absorber. 1In the absence of such
an in-house program, a qualitative assessment of equation 27 will be made

in order to better understand the decrease in optical efficiency with increasing
concentration ratio. The question becomes what terms in equation 27 explain

a decrease in K with increasing CR. The term I certainly depends on CR. I is
the fraction of radiation that strikes the absorber directly. It is .3 for

the TC-101 (CR = 1.0875) and .1 for the TC-300 (CR = 2.9).



For ideal concentrators, an increase in concentration implies a deeper trough.
This translates to an increase in the incidence angle between incoming
radiation and the normal to the reflector surface.Bench tests indicate a
decrease in reflectance as this angle increases. At 70°F the reflectance

off Alglas is roughly 107% less than the value at normal incidence. N, the
~average number of reflections, also increases with increasing CR. As mentioned
previously,">< and 7 depend on the incidence angle of radiation striking the

absorber or outer shroud.

Figure 7-9 shows the results of a limited beam tracing program developed by
the Chamberlain Manufacturing Corporation. The program does not integrate

the incidence angle effect on X and 7 over all radiation striking the receiver.
However, the qualitative nature of this angle and its dependence on reflector
location is shown by this figure. For the present, consider the TC-300 cusp
as an extension of the TC-101 cusp. As reflector material is added, the
additional radiation strikes the receiver at an increasingly greater angle
until double reflections begin. Thus the effective X7 will decrease with

increasing concentration ratio.

Assume that the TC-101 has an effective &7) of .73 x~.85,7~.86).
These values are meant *o include angle effécts and assume an
average incidence angle of 30°. Take C as .85 and N ag 1, Thig

results in an optical efficiency of .65.
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For the TC-300, assume an N of 1.3, a/o of .8 (decreased by 5% to account for
increased incidence angle), and an effective A7 of .69 (X = .82, 7 = .84).

This assumes half the radiation has a 30o incidence angle and half a 45% angle.

These assumptions result in an optical efficiency of .53. Without detailed
beam tracing the analysis of optical efficiency remains qualitative and
empirical. However, the above discussion shows that the observed decrease

in optical efficiency may be explained by reasonable assumptions on the

behavior oﬁ/d ,ﬁ/; 0‘, and 77, with increasing concentration ratio.

A prediction of instantaneous efficiency (with the above optical efficiency)
is shown in Figure 7-10. Note that the general behavior of the thermal losses

is accurately characterized by the system equation.
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SECTION 8

FABRICATION AND TEST OF A TRACKING PARABOLIC TROUGH

The performance section shows the relationship of the TC-300 to a
collector of lower concentration, the TC-100 (CR = 1.0875). At high
temperatures the TC-300 shows its advantage. Another approach to

high temperature performance is a focusing collector (either a dish

or trough) which continuously tracks the sun. Two dimensional

troughs appear more cost effective than dishes at present. A parabol-
ic trough (aperture width 6 ft., length 10 ft.) was built and tested
in order to assess the efficiency and producibility of the trough
concept. An internal parabolic rib design was used with rib spacing
of 5 ft. A bottom keel and two side members are connected to the
ribs. The reflector assembly was Scotch Cal laminated to .032 inch
thick aluminum. Reflector dimensions were 4 ft. by 5 ft. The reflec-
tors were wrapped around and fastened to the frame, composed of the
bottom keel, and side members. No preforming of the reflector sub-
strate was required. A picture of the assembled collector appears

in Figure 8-1. The collector was mounted to a pipe frame by a torque
tgbe which ran through the center of gravity of the assembled trough.

The receivers shown in Figure 24 are standard TC-100 shrouds.

The assembly shown in Figure 24 proved to be structurally sound and optically

accurate. A strip of tape was mounted along the focal line of the trough
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and allowed to clear when the collector was aimed at the sun. The resulting
clear pattern is shown in the photograph of Figure 8-2. Beam width at the

receiver is roughly 1/2 inch.

Performance testing was accomplished by manually tracking the sun and
measuring the temperature increase through the receiver. The receiver was

a length of TC-100 serpentine inserted in.an unevacuated shroud. The fins

of the serpentine were painted black. The resulting concentration ratio was
13. Efficiency based on direct insolation was 507% at an absorber température

of 400°F and an insolation level of 230 Btu/in.ft2.

The performance was roughly 107% higher than the TC-30C at the same temperature.
The advantages of the TC-300 lie in the fact that continuous tracking is not
required and that a portion of the diffuse energy is available for collection.
More experience with the reliability and cost of tracking is required to
determine if these advantages outweigh the fact that the TC-300 has a lower

performance than tracking parabolic troughs.



Width

TC-400 Focal

Figure 8-2.



SECTION 9

FLOW THROUGH EVAUCATED SHROUD

During the development of the TC-300 collector, it became apparent that a
relatively complex piping system was required to remove useful heat from the
shrouds. This is shown most dramatically in Figure 2-3. Complexity arises
because the shrouds are open to heat removal hardware at only one end; see
Figure 2-2. A shroud open at both ends would allow piping to rumn directly
from one shroud to another. Such a scheme could reduce piping heat loss as
well as material cost. The main design problem with shrouds open at both
ends is one of thermal expansion - the inner tube is several hundred °F
hotter than the outer tube. .(The present domed design easily allows for

this temperature differential since the inner tube can grow unimpeded.)

A flow through shroud which allows for thermal expansion was invented during
the TC-300 develop@ent program. It is described in detail in Appendix D.

A substantial increase in system efficiency could be realized with this
shroud. 1Initial calculations indicate that system cost could be reduced

as well.
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APPENDTIZXKX A

STRUCTURAL ANALYSIS OF

FOAM MODULE
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APPENDIX B
TC-300 STRUCTURAL ANALYSIS - SHEET METAL DESIGN

3.1 SHEET METAL STRUCTURAL DESIGN
Structural design for the TC-300 solar collector unit, as defined in this

section, begins at the 4.5 inch diameter U-bolt to mount pipe interface as
shown in Figure B-1 and includes the following major components:

1. U-Bolt

2. Rib Doubler

3. Structural Rib
4. Side Rails

5. Reflector

Component stresses were calculated using a design wind loading of 40 lbs/ft2

which can be derived from:
: %
D: /'7_})\/ C’D

where: Air Demsity P = .0023 slugs/ft3 (at sea level)
Wind Velocity V 147 ft/sec (100 mph)
Coefficient of Drag (p = 1.56
Drag [) = lbs/ft

Additional consideration was given to gross weight loading of critical
components during ground handling and buckling of thin members. For purposes
of this analysis, it was assumed that 40 lbs/ft2 wind loading could act in
any direction. A material strength requirement placed on all components of
this design was to show calculated stress levels less than or equal to
material yield strengths at design loads.

B.2 U-BOLT

The U-Bolt attachment was designed for an unbalanced wind loading resulting
in an overturning moment of 2326 in/lbs. at each U-Bolt. Material chosen
for the U-Bolts was low cost SAE Grade 2 steel with a proof loading of
55,000 psi. Assuming a bolt torque loading of 70% proof load, the bolt
stress is 38,500 psi. Since standard U-Bolts are available with 1/2-13
threads in the size range close to our application, a 1/2-13 thread was
chosen.
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Friction imparted on the mount pipe by one U-Bolt can be derived as follows:

F=2ARS, (o

where: A = %-13 tensile stress area
St= Bolt Stress
Cf= Coefficient of friction (metal to metal)
F=2X .1419 X 38,500 X .15
F = Coefficient of friction (metal to metal)
Friction force required to react wind load is simply F' = ¥ where M is the

overturning moment at the pipe and R is the pipe radius.

F' = 2326 = 1034 1bs/U-Bolt
2.25

when F' is less than F, the U-Bolt attachment will not slip.
1034 < 1639

Hoop stress in the mount pipe can be calculated as a uniform radial U-Bolt
pressure around a pipe section resulting in a stress of:

4/3(1-v?
PR/ RIET

D= 2t

= Pressure from U=-Bolt
Pipe outside Radius
Poisson's Ratio

Pipe Wall

R;= Mean Pipe Radius

where:

< W g
[}

Pressure on the pipe from the U-Bolt was found to be 2430 psi. Using
standard wall schedule 40 pipe, the stress is calculated as:
§/3 (1-.11%) _
5= 2430X2.25 2.12%X.237%
2 X -237

S = 21,417 psi

Material minimum yield strength is 35,000 psi.



B.3 RIB DOUBLER

The rib doubler (see Figure B-2) is an .07 aluminized steel press formed
part. The doubler was designed to react all the bending moments due
reflector wind loading as well as overturning moment due to collector

unbalanced wind load.

Bending stress at the doubler center line was calculated as S = M,
where M equals bending moment and Z is section modulus. Z
-—"-o,07 L l
40 LBS fev2
328 ' /FT
25K '
|
]
DOUBLER ,
¢ COUBLER
-
VIEW RA-A A
Figure B=-2
Bending moment for the condition shown in Figure B-2 was found to be
M=2326 in/lbs. per doubler and section modulus Zpin = 1314 in% B 1423,

The stress is therefore:

' . 232¢
MAX T )3 1Y
2
sshatn - 2326

Material Yield = 36,000 psi

= 17,702 Pst

16,346 PsI

The maximum loading for the rib doubler is one in which the wind is
directed at an angle of about 30° to the bottom side of the collector as
shown in Figure B-3. In this direction each doubler must react a component
of flexural bending along its thin cross section as well as a component of

bending at its center line as computed above.



1

II
4 I

\\\\ “\\ ‘\\‘ \‘\\ ‘.\\. \‘\\ “\\ 32’

40 LBS/FT?
FIGURE B-3

Assuming the doubler reacts the flexural component of load in contraflex
bending, the bending moment was found to be 251 in/lbs. per doubler. The
section modulus for this direction is only .0084 in3. The contraflex bending
stress M , therefore, is S; = 29,881 psi. The bending component at the
doublerZcenter line is:

Sz Smuw 510 30°
16,34 G X.35

8,173 Psl

A

The combined stress for this loading condition is the

- < %
S = \/5.“ tS,
S ‘\_/quggf + &, 11 -
S:36,979 Psl
Material Yield = 36,000 psi

Since the flexural section modulus goes down dramatically with material
thickness and since the flexural bending moment could be somewhat higher if
the doubler does not react entirely in contraflex bending, .07 was considered
minimum allowable material thickness.

In addition to the above analysis, stresses in the rib doubler due to an
unbalanced wind load were also checked. The unbalanced load resulted in
a 2326 in/lb. overturning moment reaction at each doubler collar. Since
the applied load at the collar was close coupled to the main body of the
doubler, the maximum stress was calculated as a combination of torsiomal
bending stress and fiber tensile stress at the junction of the doubler
collar to its main body. The maximum stress for this condition was
calculated to be 10,186 psi.



The e xt cricical area in the rib doubler is the rivet joint attaching it to
the structural rib. Due to the thin materials being used, the rivet joint
is most critical in rivet bearing stress. This joint was analyzed assuming
that the load in each rivet is proportional to the individual distance of
each rivet to the centroid of the rivet group.

The maximum load is defined as:

D =M Ruax
MAX ZR”’-
where M is the total moment reacted by the rivet group,

2
RMax is centroidal distance of the furthest rivet, amd :é}%
is the sum of the square of all the rivet centroidal distances.

See Figure B-4. = " IN LBS
> ‘-\Q3-|715 ‘

Ruax

RIVEIT CENTKDID

FIGURE B-4

The moment reacted by the rivets at their centroid was found to be 1715 in/lbs.
per rivet group. R .. and R% are 3.48 in. and 39.49 in. respectively. Using
the above expression, the maximum rivet load was calculated as:
P - 175 X 3 48
MAX 39-49

Pmax = 1S LBS.

The allowable loads for a 304 stainless steel rivet with 2D edge distance
are as follows:

Rivet Bearing = 154 1bs.
Rivet Shear = 477 lbs.
.025 Macerial Bearing = 185 1bs.

Since 151 < 154 and since the analysis was performed with the assumption
that the rib doubler is receiving all the bending moment from the collector,
the joint is acceptable even if the structural rib is manufactured in two
halves with a separation of the rib at the doubler center line.



B.4 STRUCTURAL RIB

The structural rib is a press formed part which encounters relatively low
stress levels in the TC-300 collector except at the rib doulber rivet joint.
Sizing of the rib is governed primarily by reflector size and number and
by rivet joint requirements. Aluminized steel .025 thick was chosen for
the structural rib for the following reasons:

Availability of stock material

Compatibility with other collector components
Corrosion resistance

. Formability

Economy

B PN =

Stress was checked in the rib outer concave to the loading condition shown
in Figure B-5.

.00
i
3.25
.08
+ 0 b
.02 12.0Q
| | 3.00
VIEW A-R
FIGURE B-5

Using a simple bending stress analysis,the strass was found to be 6895 psi -
well below the 36,000 psi yield stress.

Critical buckling moment was also checked at the rib outer concave. The
expression used for this was:



) | E
M's <EIZ) (K GD I ¢+ TTZ,ZIT‘, G‘o_;v.

where: E is modulus of elasticity,
Iy is section moment of inertia about a vertical axis,
K is a constant of cross section geometry,
G is modulus of rigidity,
Ie is flange moment of inertia
d is vertical web thickness,and
A is distance between flange supports

Since this relation is primarily for use on a constant section with supports

at a distance £ , its use was intended only as a crude but conservative guide

to determine if a problem could exist. Using the above expression, the critical
moment was calculated as 11,298 in/1lbs.

Operating moment was found to be only 681 in/lbs. Therefore, rib loading is
well below any critical buckling problem.

An additional stress check was made on the structural rib at its junction with
the rib doubler. See Figure B-6.

G

i 025

5.5

VIEW A-A

FIGURE B-6

The bending stress at view A-A shown above was calculated as 10,770 psi;
well belew the 36,000 psi allowable.



B.5 SIDE RAILS

Side rails are used at the top edge of the TC-300 collector to reinforce the
reflector outer lips and also at the bottom edge to stabilize the structural
ribs. See Figure B- . In addition, since the reflectors are parted midway
along the collector length, the side rails must support the weight of the
collector during ground handling. Aluminum extrusions were chosen for the
side rails, since they are available in stock angles and because the stock
sizes can withstand ground handling loads without buckling.

Since the side rails are not connected from top to bottom (as seen in Figure B-|)
by a shear web, it was assumed for a worst case that the moment of inertia

of these components as a structure was only the sum of the individual component
moments of inertia.

To determine the critical buckling moment in an angle side rail which has a
vertical web unsupported on its compression side, a buckling analysis for a
single vertical web was used. To calculate the critical buckling moment
in this manner, it was assumed that the portion of total moment reacted by
the single web is equal to the ratio of the moment of inertia of the web to
that of the entire structure,or:

Mo | lw

M Is
The collector weight was calculated as 150 1lbs. With this weight, the moment
reacted by the side rails when the collector assembly is supported at its ends
is Ms = 1912 in/1bs. The sum of the side rail moments of inertia was found
to be Is = .596 in%. The moment of inertia of a single vertical web is
Is = .1 in'. Therefore, the moment reacted by a single wertical web is:

I
MW:T;V!‘ MS

sl (e
Mw‘,S‘iGO“Z)

Mw: 32) IN. LBRS.



The critical buckling moment for a single vertical web was determined from

the following relation: 5 5
Mz T b d\/EG("""s‘g[‘>
G R '
= Web thickness
Web height
Modulus of elasticity

Modulus of Rigidity
{ = Distance between supports

S mao o
[ ]

Using the above equation, the critical moment was found to be 426 in./lbs.
The G loading to buckle a side rail is then:

426
G =337
G :1.33

Since the collector will be handled on the ground at less than max. gross weight
and since the upper side rails receive some support from reflectors, the G
loading to buckle a side rail will be higher than calculated above.

B.6 REFLECTOR

Steel sheet .013 thick is used as a substrate material for the TC-300
reflector. A metalized polyester film will be thermally bonded to the steel
for use as a reflective surface. Each reflector becomes a structural part
which is 51 inches long when formed into a parabolic shape after installation
in the structural rib. The longitudinal edges of each reflector are bent
over and riveted to adjoining reflector edges for reinforcement. A hydro-
static test was performed on a single reflector to insure its structural _
integrity. Considerable deflection was noted at the unreinforced reflector
edge midway between rib supports. A stress check was then performed on a
reinforced reflector edge to insure its strength.

Maximum loatling used to determine moment distribution along the reflector
edge is the same as that used on the structural rib in Figure B-5. At
40 lbs./ft2 wind load, the portion of load shared by the lip of a single
reflector is: |
PP

- XS X4&40

It 4
= &5 LBS

P

"

</



The total load, P, is the result of a uniform load distribution,w" along the
reflector edge which is:

oc
W =2
s
w = .61 LBS//M.

Since the wind direction to produce the above loading is at 45° to the direction

of maximum deflection in the reflector edge, the loading acting upon the
edge to produce maximum stress is then

w2 1.&67 cas 5~
w'= .18 t8s/in

The load and moment distribution are shown in Figure B-7
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FIGURE B-7

For the distribution shown in Figure B-7

the maximum moments are as follows



The maximum moment is then: -
. Ligx2s8”
Mz“ 8

Mo=9¢C Iv LBS,

To find the reinforced edge section modulus in the direction of maximum
deflection, it was assumed that the reinforced edge was a beam with proportions
shown in Figure B-8:

.86

os—— | | §

FIGURE B-8

The section modulus about the Y-Y axis was calculated as Z = .0167 in3.
The bending stress for a reinforced edge is therefore:

gz L
8-z
Sp= Je
7 e

Material yield stress is 36,000 psi.

Additional calculations to determine rivet spacing were also made. Rivets .
along each reinforced reflector edge must withstand bending shear flow so
that two edges joined together with rivets will act as a unit. The beam



shear diagram for a reflector edge is shown in Figure B-9.

Vi

[ 2.25 —e 12.2S —=

FIGURE B-9
The beam shear is then:
VizV, =118 X12.76
The average shear is: 21506 tBs/in
:7 15, C)C
V=7 ss Les/in

To find the bending shear flow, the delta bendlng stress over a one inch
beam segment must be found; see Figure B-10.

MAX ASB:"—Z\(*
. 753
M A = 753
* 458 O] 61

MAX ASg= 451 PSI



SHEAR
FLOW

FIGURE B-10

The shear flow at any point in from the free edge of the beam cross section
must balance A‘SS as shown in Figure B-10. To find the shear flows ¥, and Y2
therefore, the equations are:

.
@i
B2 B+ £ x’_oscx“tS
F2:10.47 L85/:n

To find a rivet spacing in the reflector longitudinal edge, the rivet
allowable load is divided by the shear flow %a-

¢S X .OIEN.SC
.18 wBs/in.

1]

L: PLas
B2tes/ N

Since 1/8 dia. protruding head 304 stainless steel blind fasteners are used in
most parts of the TC-300 collector, they were also chosen for the reflector
edge joint. The allowable rivet loads used are as follows:

Rivet Shear = 365 1lbs.
Rivet Bearing = 116 1bs.
Sheet Bearing 134 1bs.



Rivet bearing is the lowest allowable load, therefore, the rivet spacing is:

UG
L= %2

. UG
L (S +7
L)l 08 1.

For ease of design, the rivet spacing used is 8.00 inches.
B.7 MISCELLANEQUS COMPONENTS

All other components in the TC-300 collector not discussed above were
considered to be non-structural and were designed with materials common

to components analyzed above. The compartment which houses the serpentine
tubes was made from .025 aluminized steel. All remaining rivet joints were
made with 1/8 stainless steel blind rivets.
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APPENDIX C
TC-300 FLUID LOOP STRESS ANALYSIS

C.1 FLUID LOOP_ CALCUIATIONS

C.1l.1 Header Pipe Welded Branch Connection

The header pipe branch weld, sized for strength purposes, must have a leg
height at least equal to the branch pipe wall thickness. However, the header
run pipe must also be reinforced at the branch pipe joint. The branch pipe
weld can be used as reinforcement but must be sized accordingly; see Figure C-1.

/_'5/,,ZBRAM::H PIPE
[\AJELD LEG -L
|

'r \

B D e
|

/3/4, RUN PIPE

Figure C-1 Header Connection Cross Section



In this branch pipe design, the branch pipe wall thickness is .028. Therefore,
for strength purposes, the fillet weld must have a minimum .028 leg. The

run pipe reinforcement requirement is calculated as an area whose minimum
value for a 90° branch is:

Az 1.07(tm,)(d)

where: 1:"1H = minimum allowable run pipe wall
d
i

branch pipe I.D.

The minimum allowable run pipe wall is:

. __PDq
t”'h’z(SF.+PY) tA

where: P operating pressure
D. = run pipe O0.D.
= maximum allowable material stress at operating conditions
= a material temperature coefficient
additional thickness

> <
nonon

Minimum wall thickness was calculated as = ,006. Since = .25, the
area, A, is:

A =1.07 X .006 X .25

A = .0016

The minimum weld leg for reinforcement purposes is then:
L=V2A
L=.0857

The minimum weld leg height must be the larger of the two values found above.
In this design, the weld size requirement was placed at .06 to .12.

Stress due to sustained loads at the branch pipe connection, resulting from
pipe and fluid weight loads and pressure/temperature loads must be checked
so that:

_pDc -75.4\ MA Va
S ¢ty T - Sh

where: = operating pressure

branch pipe 0.D., .312 in.

th= branch pipe wall, .028 in.

= weld stress intensification factor, 1.86

Mp = moment due to weight, .312 in./lbs.

= branch pipe section modulus, .00161 in3

allowable material stress at operating temperature

O O
I

0

>

Dy
I

c-3



The operating pressure used was 250 psi and the temperature was 400°F. Under
these conditions S, was calculated as 3409 psi and Sh was found in a table
to be 16,100. Therefore:

3409 < 16,100
OR
S1 < Sh

Stress due to occasional peak loading conditions must also be checked. In
this application, occasional loads would be those resulting from a stagnation
condition. For this condition the pressure and temperature are 68l psi and
500°F. The following equation must be satisfied for occasional loads:

52‘4«5" e < k Sh
where: Mg = moment loading due to occasional loads
k = a constant of loading frequency, 1.20

Stress, Sy, was calculated as 4,600 psi, K is 1.2 and Sh is 15,900 psi.
Therefore:
4,600< 1.2 X 15,900
4,600<19,080
OR
S, £ kSh

The third loading condition required to be checked is additive stress,
which is thermal expansion stress and thermal expansion plus sustained
stress. The first equation which must be satisfied is:

_ 4 Mc
Se=Sg
where: M¢ = range of moments due to thermal expansion, 9.72 in/lbs.
Sp = allowable stress range, 25,267
Sg = thermal expansion stress

The moment, Mc’ was calculated from the movement of the run pipe, 1.5 inches,
during thermal cycling; see Figure C-2.
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Figure C-2 Pipe Run Plan and Dimensions

The allowable stress, Sp» is found from:

Sp= £ (125 Sc+.25 Sy)

where: Sc = material allowable at minimum cold temperature, 18,700 psi
Sp = material allowable at maximum hot temperature, 6,000 psi
4 = stress range reduction factor, .9

Allowable stress, S, was calculated as 22,3%7. However, when the longitudinal
pressure stress,qu ,» plus bending stress, .:’3_4'1‘_1}._ , 1s less than the

allowable stress, Sp» at operating temperature, the difference can be added

to the S term of the equation for SA shown above. When this is done, S
becomes 95,267 psi. The thermal expansion stress, Sg, was then calculated

as 11,230 psi. Therefore:

11,230 £ 25,267
OR

Sustained plus thermal expansion stress must now be satisfied by the
relation:

PDe . IS5aMp . A Mc e
"('tn + 2 *i"kZ ﬁ(%h*%ﬂ)

The terms of the left hand side of this equation were calculated as 14,639 psi
and those on the right side are 41,367. Therefore:

14,639 < 41,367

The requirement is satisfied.



As mentioned at the beginning of this section, the entire analysis outlined
above was also performed for the .25 0.D. hairpin tube which connects to the
welded branch pipe. Stresses for the hairpin tube are a higher percentage
of the allowables than those for the branch pipe weld, but still well
within acceptable limits.

A summary of the calculated stresses in the hairpin expansion pipe are
listed below.

4,732 < 13,700

S, < kSh

2
6,079 € 16,440
Sg & S
16,400 < 21,070

S;+S; < S, +S,

h
21,142 < 34,720

C~6
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SUBJECT

FLOW THROUGH EVACUATED SHROUD

INFORMATION REQUESTED/RELEASED

INTRODUCTION

A patent has been filed describing an evacuated shroud which allows
coolant flow to enter one end of the shroud and leave the opposite
end. Thermal expansion problems arising from the flow through
feature are resolved by a bellows inserted in the outer tube with

a glass to metal seal. A novel feature of the design is that this
seal is never exposed to the working fluid temperature. The seal
is exposed only to the ambient air temperature.

The patent docket is appended to this report. Patentability aside,
however, the design should be evaluated for its ability to lower
collector cost and increase efficiency. It is the purpose of this
PIR to describe the design, discuss its cost advantage, outline the
advantages in applying the design to the 3X collector and finally
discuss the major development hurdle.

THERMAL EXPANSION

Thermal expansion is a major problem in the design of evacuated
shrouds. The evacuation region is adjacent to the absorber surface

in order to eliminate convective heat transfer. The absorber surface
attains temperatures in excess of the working fluid temperature. The
outer surface which defines the evacuated region however is essentially
at ambjent air temperature. Thus, the surface which encloses the
vacuum has sections at substantially different temperatures and there-
fore, with substantially different expansion rates. This is the

main thermal expansion problem of evacuated shrouds.

The GE evacuated shroud solves this problem by attaching a domed outer
tube to a domed inner tube as shown in Figure 1. Differential thermal
expansion between the two tubes is accounted for by the fact that the
inner tube is free to expand (to the right in Figure 1), while
imposing no stress on the shroud assembly. Heat must be transferred
from the inner tube to the working fluid. A major disadvantage of

the GE design is that the plumbing required to remove the heat must
enter and leave the shroud from the same end. This imposes severe
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fluid distribution requirements. This is especially true for
east-west collectors which are rotated about an east-west axis --
a point to be discussed more fully in a separate section of this
PIR. :

Figure 2 sketches another concept which accounts for differential
expansion between the absorber and outer surface of the evacuated
region. This concept was pursued by a competitor of GE. The
absorber can expand without imposing a stress ‘on the assembly as

in the GE design. Again fluid enters and leaves the same end of
the shroud. An additional disadvantage of this design is the glass
to metal seal. This seal is exposed to the working fluid temper-
ature on a daily basis. This is a major drawback since cyclic
exposure to a large AT is a common failure mode for glass to
metal seals.

FLOW THROUGH TUBE

Figure 3 shows a recently designed absorber concept. It involves
an inner and outer tube as does the GE evacuated shroud. The inner
tube is coated and absorbs solar energy. The seals connecting inner
tube to outer tube are the same as the seal on the left end of the
GE shroud shown in Figure 1 (Dewar seal). Differential expansion
between the inner and outer tubes is accounted for by the metal
bellows inserted in the outer shroud. A glass to metal seal is
therefore required. Such seals are not uncommon. Figures 4 and 5
present off-the-shelf items which contain this type of seal. In
fact, the bellows of Figure 4 is similar to that required in the
flow through shroud design. Figure 5 states that this seal is
stronger than the parent glass. Temperature rating is 959°F. The
novel feature of the flow through design however is that the glass
to metal seal is only exposed to the ambient air temperature --
never to the working fluid temperature. Seal requirements are

thus greatly reduced.

The advantages of the flow through shroud are realized in reduced
heat transfer hardware and in a more efficient fluid distribution
system. Heat flows from the inner tube to a working fluid tube
across an air gap sized to allow radial expansion of the working
fluid tube. This tube would nominally be a 3/4" copper or stainless
steel tube with .049" wall. Shroud size could therefore be smaller
than the current GE shroud. Note that the flow through design
eliminates the need for clamps and fins. Furthermore, coolant can
leave one shroud and flow directly into the next. As will be

shown below, this substantially reduces header and insulation re-
quirements.

Other advantages of the design are enumerated in the patent docket
appended to this PIR.
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APPLICATION OF FLOW THROUGH SHROUD TO 3¥X COLLECTOR

Changes to the design of the present GE shroud are only worthwhile
if they decrease the net cost of collecting a given amount of energy.
Thus, increasing the efficiency at the same cost or decreasing the
cost at the same efficiency are the direction that new designs must
pursue. This section will show that the flow through shroud has the
potential to both increase efficiency and decrease cost when applied
to the 3X collector. The shroud may well have application to other
solar product lines, but only the 3X has been investigated at this
time.

Figure 6 illustrates the driving motivation for having a shroud

open at both ends. Figure 6 is the fluid distribution loop required
to feed a row of eight 3X collectors. 1In each collector there are
two tees, two flexible hoses, two 3/4 inch unions, two reducers,

17 feet of 3/4 inch stainless steel header tubing, 60 feet of 1/4 inch
serpentine, heat transfer hardware including fins and clamps, and
insulation for the 3/4 inch tubing and sections of the 1/4 inch tubing
located outside the shrouds. This complex fluid distribution system
results from the fact that the shrouds can only be fed from one end.
Thus, coolant must be carried to the center of a collector, dis-
tributed to the shrouds, and then taken eight feet to the center of
the next shroud. 1In this eight foot run roughly 20% of the energy
collected in the shrouds is lost. Figure 7 shows how the same in-
stallation would appear if shrouds open at both ends were used.

There are no headers, no tees, no flex hoses, no heat transfer hard-
ware (clamps or fins), and no insulation. There is no heat loss '
between collectors. This substantially increases the heat ccllected
for a given collector aperature area. The working fluid tube would
be a 3/4 inch stainless steel tube. Twenty-four £foot lengths appear
practical. Such lengths are transportable and reduce the net number
of 3/4 inch unions required. Because there are no headers to support
or insulate, the frame could be substantially simplified. The above
advantages are paid for with a more expensive shroud. The cost
savings implied above must therefore be weighed against the increased
shroud cost. The shroud costs are discussed first.

Figure 8 shows eight feet of the proposed shroud and two conventional
shrouds (again eight feet of absorber length). Tube width on the
flow through design may be chosen to optimize efficiency or reduce
cost. Tube widths on the conventional design are fixed. The con-
ventional shroud has two Dewar seals and four dome operations per
eight foot of absorber. The flow through design has two Dewar seals
and two glass to metal seals per eight foot of absorber. For the
present we assume that a glass to metal seal can be made for the same
cost as two dome operations. (The cost of the glass to metal seal

is crucial; however, an accurate determination of this cost is out-
side the scope of this PIR. The above assumption seems reasonable

if a glass solder technique can be used for the seal). With the
above assumption, the cost difference between the two designs is

the bellows cost. A gquote of $14 (quantity of 5000) has been re-
ceived for a 2 inch stainless steel bellows. Since a final flow
through design would probably use an outer shroud which was less

than two inches, this bellows cost can be expected to come down.
However, to be conservative, a bellows cost of $14 will be used. A
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conventional four foot shroud is presently costed at $9. Based on
the above, four feet of flow through shroud would cost $16.

On the other side of the ledger are the cost advantages which result
from the flow through shroud. Recently, the 3X was costed for the
Columbia Gas proposal. The cost of the fluid distribution system
for 30 ft2 of aperature area appears on the left side of Table 1.

On the right side appears the cost for ‘a flow through system based
around 3/4 inch stainless steel tubing. The comparison for the
entire collector is shown in Table 2. Here it is assumed that the
frame cost for the flow through design is 25% less than for the
conventional design. This saving is likely to be greater. It
results from the elimination of the header region of the frame. The
costs of Table 2 do not include G&A or tooling and, aside from the
serpentine and shrouds, are approximate in nature. The cost com-
parison is not yet complete. The flow through design collects
roughly 20% more energy than does the conventional design. Therefore,
fewer collectors are needed to collect the same amount of energy.
The flow through design delivers the same energy with only 83% of
the collector area of the conventional design. Accounting for this
the ratio of the flow through cost to the conventional cost is:

FLOW THROUGH COST (.83) (230.43)° .
CONVENTIONAL COST = (373.12) )

Again, G&A and tooling are not included.

The cost of tooling for any new design is of course a cost penalty
for that design. However, it is dangerous to rigidly apply this
penalty, especially near the beginning of a product cycle. Judging
from other examples of product development the first design to
appear in the marketplace rarely remains competitive or attractive
to buyers for an extended period of time. 1In the early years of

the solar age, we can expect competitors to improve on the evacuated
shroud design. For GE to remain competitive new design ideas should
not be bludgeonéd by retooling costs.

CONCLUSION

A feasible flow through evacuated shroud design has been presented
in this PIR. It appears to be extremely cost-effective. This
statement rests on the ability to make a metal to glass seal for a
reasonable cost. It is emphasized that this seal is never exposed
to the working fluid temperature. This application suggests a glass
solder seal. Such a seal is less expensive then fusing the metal
into the glass while the glass is molten. It is recommended that

a prototype flow through shroud with a glass solder seal be made

and that the actual cost of making this seal in quantity be assessed.
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PURPOSE

CAJON Flexible Glass-end Tubing is designed to isolate
vibration from glass systems.

APPLICATIONS

Vibration absorbers e Relief for thermal expansion o
Low pressure, high purity s,,tervs o Industrial and re-
search vacuum systems o leplace expencive vacuum
fittings e Permits connecticn of misaligned components

FEATURES

CAJON Flexible Glass-end Tabmg compens-tes for ex-
pansion, misilignment ard v brazion in rlass systems.
Thaone step glas= to-stainless transition utitizes only te

arent materials. No m.muz)'\-n:' scams to entrap gasas.

ke nominal produced fiexis'e length is coiapressible by
at least 209, and extendable by 50% (see table of
dimensions).

—ra b o el i il

STAINLESS STEEL TO GLASS SEAL

PR /I//{"I.

j
‘

e e rammiem e wer

CAJON Flexible Tubing is availzble with glass on both
ends or on one end for giass-to-metal transiticns. The
glass end is f:ame cut for smooth edges. Glass ends are
stress relieved.

TECHNICAL DATA

MATERIAL:

321 stainless steel fused to type 7740 Pyrex glass tube.
TEMPERATURE RATING:

Operating temperature ratings 2re dependent on appli-
cation and instaliation methods, cycle life required, O.D.
and nominal length of tubinz, anzular displacement and
other variables. Contact factory for additional informa-
uon,

PRESSURE RATING:

Ultra-high vacuum to 25 psig.
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PURPOSE gauges ¢ M ters e Low pr . high purity sys-

CAJON Glass/Metal Transition Tubes are designed for
converting from a glass to a metal system through a
transition which utilizes only the parent materials.

APPLICATIONS

Transition from a glass system to a metal system o
Industrial and research vacuum systems e Corrosive fluid
lines ¢ Connect ionization gauges to stainless steel vac-
uum systems o Either end adaptable to CAJON Ultra-Torr
Fittings o Stainless steel end adaptable to SVWAGELOK
Fittings e Connccting valves to glass systems o Sight

tems o High temperature applications.

FEATURES

One step glass-to-stainless transition eliminates trou- ,.
blesome graded seals ¢« Smooth internal surface for high \
conductance ® Nonporous transition area to prevent ab-
sorption and outgassing e Transition structurc stronger
than parent glass ¢ Transition area offars thermal com-
patibility with parent materiails e Glass end is flame cut
for smooth edges ¢ Glass cnds are stress relieved.

H
1 B B
T E Aol T
: —’r— —————— an \ '
AUASE TUB,NG_/ STAINLESS STEEL TUBING
STAINLESS STEEL
TO GLASS TRANSITION
TABLE OF DIMENSIONS
wall wall
T Te Thizh-  Thice-
Teie T2 Fart nese ress £ 3 H
ac. c o Mozaeo Gliss 83 (ing (ir) (On)
gdrones,  dny (aches) ()
236 , ) ‘ .039
(6mmn) W 7 I1(lmm) 020 3158 6
.35
(9m:|) % .035 326 6
AN
(12mm) Y 035 3 3N 6

TECHNICAL DATA
MATERIAL
GLASS TUBE — 7740 Pyrex
METAL TUBE — 304 staigless steel
TEMPERATURE RATING

Temperatures are limited to the strain point of the
glass end which is $15°C (959°F).

PRESSURE LIMITS
Ultra-high vacuum to 25 psig.

TESTING

All CAJON Glass/Mctal Transition Tubes are 100%
stress relieved and helium Icak tested before leav-
ing the factory.
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