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Abstract 

Solar cooling is an emerging technology and in a process of development to be competitive 

with the conventional systems generally based on electricity driven vapor compression cooling 

machines.  Efficient performance of the solar collectors consistently over a time span of 20-25 

years is the key towards achieving the required primary energy savings and cost benefits. The 

present research work investigates various thermal and hydraulic aspects of the solar collectors 

used for a solar cooling application. The overall aim is to identify major factors contributing to 

solar collector’s performance reduction and to develop methods and techniques for a detailed 

thermal and hydraulic analysis of solar collectors pertaining to these factors, in order to suggest 

the optimal operating guidelines to be implemented in practice for solar collector design and 

operation.  

An exemplary system is installed at the Federal Press Information Center, Berlin. It consists 

of two LiBr/H2O absorption chillers with 35 KW cooling capacity for each one, a collector field 

made up of vacuum tube collectors having a total gross area of 348 m
2
, and two 800 liters of heat 

storage tank. Initially, the overall performance monitoring of the system was carried out, based on 

the on-field measured data for thermal energies of the various heating/cooling components of the 

system and electricity consumption of the electrical components. A monitoring procedure was 

then implemented and various key performance factors related to the system operation are 

determined such as total electrical COP, solar heat management efficiency, fraction of primary 

energy savings compared to a non-solar based air-conditioning system. The results are evaluated 

for various months of year 2007 to 2009, and the outcomes are presented in the form of 

performance figures. The results showed quite a low thermal efficiency of the solar collector and 

primary energy savings. Possible causes of the reduced collector performance and options for 

improvement are discussed also. 

A novel simplified experimental strategy is devised to find the overall heat loss coefficient 

(U-value) of an individual vacuum collector tube in the laboratory, with regard to the pressure of 

the remaining gas inside the evacuated glass envelope. A number of collector tubes of same 

geometry are randomly selected from an installation of a solar based air-conditioning system and 

tested individually in the laboratory for the determination of the U-value. Measurement results 

indicate that most of the examined collector tubes have higher overall heat loss coefficients than 

expected corresponding to a significant amount of gas inside the glass envelope. For the same 

conditions, an approximate theoretical model is developed for the evaluation of the U-value. The 

theoretical model is validated against the experimental results for a collector tube having air 

inside the glass cover at atmospheric pressure and found to be in close agreement. Then, the 

influence of gas pressure is studied for various gases. Possible presence of air, hydrogen, helium 

and argon is discussed.  

A computational fluid dynamics (CFD) analysis has been conducted to find the pressure 

losses for dividing and combining fluid flow through a tee junction of a solar collector manifold. 
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Simulations are performed for a range of flow ratios and Reynolds numbers and equations are 

developed for pressure loss coefficients at junctions. A theoretical model based on successive 

approximations then is employed to estimate the isothermal and non-isothermal flow distribution 

in laminar range through a collector consisting of 60 vacuum tubes connected in parallel in a 

reverse (U-configuration) and parallel (Z-configuration) flow arrangement. The results are in 

reasonable agreement with the available experimental results for U-configuration. 

An analytical steady state model is developed to study the thermal performance of an 

individual vacuum tube solar collector with coaxial piping (direct flow type) incorporating both 

single and two-phase flows. A system of equations which describe the different heat transfer 

mechanisms and flow conditions was established, discretized, and solved in an iterative manner. 

For the case of good vacuum condition (10
-5

 mb) the calculated efficiency curve for single phase 

flow deviates significantly from the experiments with increasing collector temperature, but agrees 

well for the case of gas conduction inside the glass envelope at very low pressure (<< 1mb) due to 

the corresponding increase in overall heat loss coefficient (U-value). For two-phase flow, the 

occurrence and propagation of flow boiling and condensation inside the collector piping under 

saturated condition is hypothesized. The modeling results indicate that for all-liquid-single-phase 

fluid flow, the collector efficiency decreases with decreasing mass flow rate. Once the fluid 

reaches the boiling point at a certain mass flow rate, no significant reduction in efficiency is 

observed anymore, which is in accordance with the experimental study. 

Finally, performance predictions are made for the whole collector consisting of a number of 

vacuum tubes connected in an array. This leads to devise a set of guidelines and strategies, which 

needs to be taken care off during design and/or operation phase to optimize the collector operation. 
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Zusammenfassung 

Solare Kühlung ist eine Technologie, die sich noch auf dem Weg in die Wettbewerbsfähigkeit zu 

herkömmlichen, in der Regel mit Strom angetrieben Kompressionskältemaschinen befindet. Ein 

Schlüssel für die angestrebten Primärenergieeinsparungen und Kostenvorteile ist ein effizientes 

Betriebsverhalten der Solarkollektoren über einen Zeitraum von 20-25 Jahren. Die vorliegende 

Arbeit untersucht daher verschiedene thermische und hydraulische Eigenschaften von 

Solarkollektoren für solare Kühlung. Das übergeordnete Ziel ist es, wichtige Faktoren, die zu 

Leistungsminderung führen, zu identifizieren und Methoden und Techniken für eine detaillierte 

thermische und hydraulische Analyse der Solarkollektoren in Bezug auf diese Faktoren zu 

entwickeln, um schließlich praktische Richtlinien für Auslegung und Betrieb der Kollektoren 

vorzuschlagen.  

Ein beispielhaftes System ist im Bundespresseamt der Bundesregierung in Berlin installiert. 

Es besteht aus zwei LiBr/H2O Absorptionskältemaschinen mit je 35 KW Kühlleistung, einem 

Feld aus Vakuumröhrenkollektoren mit einer Gesamtfläche von 348 m
2
 und zwei 800-Liter-

Heißwassertanks als Wärmespeicher. Zunächst wurde eine Analyse der Betriebseigenschaften des 

Systems auf der Grundlage von Messdaten für die thermischen Energieumsätze der verschiedenen 

Heiz- und Kühlanlagen und für den Stromverbrauch der elektrischen Komponenten durchgeführt. 

Ein spezielles Bewertungsverfahren wurde angewendet, bei welchem verschiedene zentrale 

Leistungsgrößen für den Betrieb des Systems wie der thermische und elektrische COP 

(Coefficient of Performance, entspricht Wirkungsgrad), solare Deckungsgrad und 

Primärenergieeinsparung im Vergleich zu einer nicht solar basierten Klimaanlage bestimmt 

werden. Die Ergebnisse wurden für verschiedenen Monate des Jahres 2007 bis 2009 ausgewertet 

und die Ergebnisse werden in Form von Kennzahlen dargestellt. Die Ergebnisse zeigen einen sehr 

niedrigen thermischen Wirkungsgrad der Solarkollektoren und sehr geringe 

Primärenergieeinsparungen. Mögliche Ursachen hierfür und Optionen zur Verbesserung werden 

ebenfalls diskutiert. 

Weiter wurde eine einfache experimentelle Vorgehensweise entwickelt, um im Labor den 

Einfluss des Druckes der Restgase im Inneren der evakuierten Glasröhre auf den 

Wärmeverlustkoeffizienten (U-Wert) einer einzelnen Vakuumröhre des Kollektors zu finden. 

Eine Reihe von Kollektorröhren gleicher Geometrie wurden nach dem Zufallsprinzip aus der 

genannten Solaranlage ausgewählt und einzeln getestet. Die Messergebnisse zeigen, dass die 

meisten der untersuchten Kollektorröhren höhere Wärmeverlustkoeffizienten haben als erwartet 

und sich entsprechend eine erhebliche Menge an Gas im Inneren der Glashülle befinden muss. Für 

gleiche Bedingungen wurde ein theoretisches Modell für die näherungsweise Berechnung der U-

Werte entwickelt. Das theoretische Modell wurde mit den experimentellen Ergebnisse für eine bei 

Atmosphärendruck mit Luft gefüllte Röhre verglichen und eine gute Übereinstimmung wurde 

festgestellt. Dann wurde der Einfluss des Gasdruckes für verschiedene Gase untersucht. 

Mögliches Vorhandensein von Luft, Wasserstoff, Helium und Argon wird diskutiert. 
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Eine CFD-Analyse (Computational Fluid Dynamics) wurde durchgeführt, um die 

Druckverluste von den Verteiler- und Sammlerelementen (T-Stücke) zu finden, die die parallel 

geschalteten Vakuumröhren im Solarkollektor wärmeträgerseitig verbinden. Simulationen wurden 

für eine Reihe von Strömungsverhältnissen und Reynolds-Zahlen durchgeführt und für die sich 

ergebenden Druckverlustkoeffizienten wurden Näherungsgleichungen entwickelt. Mit Hilfe der 

Ergebnisse für den laminaren Bereich wurde die isotherme und nicht-isotherme 

Strömungsverteilung im Kollektor, bestehend aus 60 parallelen Vakuumröhren, die entweder in 

U-Konfiguration oder in Z-Konfiguration verbunden sind, abgeschätzt. Die Ergebnisse der U-

Konfiguration konnten mit experimentellen Daten verglichen werden und es ergibt sich eine gute 

Übereinstimmung. 

Ein stationäres Modell wurde entwickelt, um die thermische Leistungsfähigkeit einer 

einzelnen Vakuumröhre eines Solarkollektors mit koaxialer Wärmeträgerführung (Direct Flow-

Typ) sowohl bei einphasiger als auch bei zweiphasiger Strömung (partial stagnation) zu studieren. 

Ein System von Gleichungen, welches die verschiedenen Wärmeübertragungsmechanismen und 

Strömungsverhältnisse beschreibt wurde aufgestellt, diskretisiert und iterativ gelöst. Für den Fall 

eines intakten Vakuums (10
-5

 mb) weicht die berechnete Wirkungsgradkurve für einphasige 

Strömung bei steigender Kollektortemperatur wesentlich von Experimenten ab, während sie  für 

den Fall von Wärmeleitung durch Restgas innerhalb des Glaskolbens bei geringem Druck (< 

<1mb) durch die entsprechende Erhöhung der Wärmeverlustkoeffizienten mit den Experimenten 

übereinstimmt. Die Ergebnisse der Modellierung zeigen, dass der Kollektorwirkungsgrad mit 

abnehmendem Durchfluss abnimmt. Bei den dann erreichten hohen Temperaturen kann lokal 

Zweiphasenströmung durch Sieden und Rückkondensation auftreten. Sobald die Flüssigkeit den 

Siedepunkt bei einem bestimmten Massenstrom erreicht ist keine signifikante Reduktion des 

Wirkungsgrades mehr zu beobachten, was in Übereinstimmung mit Experimenten ist. 

Schließlich werden für optimale Leistungsfähigkeit eines ganzen Kollektorfeldes aus 

parallel geschalteten Vakuumröhrenkollektoren eine Reihe von Leitlinien und Regeln aufgestellt, 

die während Auslegung und Betrieb des Kollektorfeldes zu beachten sind. 
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Symbol Description Units 

Aab absorber area m
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Aap aperture area m
2
 

Ag glass cover area m
2
 

Aout outside surface area of the inner pipe m
2
 

Ax flow cross sectional area m
2
 

Bo Boiling number   

Cp specific heat of gas J/kg K 

Cpf specific heat of liquid  J/kg K 
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Fc collector efficiency factor   
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Frf froude number   

G mass velocity  kg/m
2
 sec 
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2
 

hr-t/b-pg  radiative heat transfer coefficient from absorber to glass cover 

from top or bottom  

W/m
2
 K 

hr- t/b-ga  radiative heat transfer coefficient from glass cover to ambient 
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W/m
2
 K 

hc-t/b-pg  convective heat transfer coefficient from absorber to glass cover 

from top or bottom  

W/m
2
 K 

hc-t/b-ga  convective heat transfer coefficient from glass cover to ambient 

from top or bottom 

W/m
2
 K 
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hfi single phase all-liquid-flow heat transfer coefficient in the inner 

tube  

W/m
2
 K 

hfo single phase all-liquid-flow heat transfer coefficient at the inner 

wall of annulus  

W/m
2
 K 

hf,outer single phase all-liquid-flow heat transfer coefficient at the outer 

wall of annulus  

W/m
2
 K 

hfg enthalpy of vaporization  J/kg 

hf enthalpy of saturated fluid  J/kg 

h enthalpy of fluid  J/kg 

hc convective heat transfer coefficient (Eq. (C-7), Appendix. C)  W/m
2
 K 

hf superficial heat transfer coefficient  W/m
2
 K 

hNcB nucleate boiling heat transfer coefficient  W/m
2
 K 

htp-boiling boiling heat transfer coefficient  W/m
2
 K 

htp-cond condensation heat transfer coefficient  W/m
2
 K 

I turbulence intensity  

Kn Knudsen number   

Kϴ Incidence angle modifier  

k thermal conductivity of copper W/m K 

k pressure loss coefficient  

kf thermal conductivity of fluid  W/m K 

kdiv,s local pressure loss coefficient for dividing side flow   

kdiv,st local pressure loss coefficient for dividing straight flow   

kcom,s local pressure loss coefficient for combining side flow  

kcom,st local pressure loss coefficient for combining straight flow  

ko thermal conductivity of gas in the continuum range  W/m.K 

kp thermal conductivity of gas at pressure p  W/m.K 

L length  m 

Lab length of absorber plate mm 

Lt/b characteristic length, i.e. spacing b/w parallel plates (Eqs. (3.11 

and 3.13)) 

m 

   mass flow rate of fluid  kg/sec 

M specific mass flow rate  kg/m
2
 hr 

M                                                         molar mass of gas  (Eqs. (3.21 and 3.22)) kg/mol 

Nu Nusselt no.   

p pressure Pa 

Pgas gas pressure inside the glass envelope  mb 

PH2-in hydrogen pressure inside the glass envelope  mb 

Pheated heated perimeter  m 

Prf Prandtl no. of liquid   

Δp pressure drop  Pa 

Δpf pressure drop due to friction  Pa 

Δpf,th theoretical calculated pressure drop due to friction  Pa 

Δpf,c pressure drop in combined manifold due to friction  Pa 
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Δpf,s pressure drop in riser due to friction  Pa 

Δpf,st pressure drop in straight manifold due to friction  Pa 

Δpc-s pressure drop between the inlet manifold and the riser in dividing 

flow  

Pa 

Δpc-st pressure drop between the inlet manifold and the straight outlet 

manifold in dividing flow  

Pa 

Δps-c pressure drop between the riser and the outlet manifold in 

combing flow  

Pa 

Δpst-c pressure drop between the straight inlet manifold and the outlet 

manifold in combing flow  

Pa 

Δpsim pressure drop calculated from simulation  Pa 

Q volume flow m
3
/s 

Qo total volume flow  m
3
/s 

Qloss heat lost of the fluid  W 

Qf-outer heat gain of the fluid in the outer tube  W 

Qf-inner heat gain of the fluid in the inner tube  W 

Qabs heat absorbed on the absorber plate  W 

Qf-net overall net heat gain of fluid  W 

R frictional resistance s
2
/m

5
 

R universal gas constant  (Eq. (3.21)) J/mol/K 

Ra Rayleigh number   

Rc frictional resistance for the flow through dividing or combining 

manifold in U-configuration  

s
2
/m

5
 

Rdm frictional resistance for the flow through dividing manifold in Z-

configuration  

s
2
/m

5
 

Rcm frictional resistance for the flow through combining manifold in 

Z-configuration  

s
2
/m

5
 

Rj,div,s/st junction resistance for the side or straight flow in dividing 

manifold  

s
2
/m

5
 

Rj,com,s/st junction resistance for the side or straight flow in combining 

manifold  

s
2
/m

5
 

Re Reynolds no.   

Ree equivalent Reynolds no. (Eq. (6.6))   

T mean gas temperature  K 

Tf_ti temperature of fluid at time ti  
o
C 

Tf_tf temperature of fluid at time tf  
o
C 

Ta_ti ambient temperature at time ti  
o
C 

Tfi temperature of fluid at inlet to collector  K 

Tfo temperature of fluid at outlet of collector  K 

Tpm mean absorber plate temperature  K 

Tfm-outer/inner bulk mean temperature of the fluid in the outer  or inner pipe  K 

Ta ambient temperature  K 

Tg-t/b glass cover temperature of the top or bottom portion above or 

below the absorber  

K 
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Tpw Pipe wall temperature  K 

Tsat saturated temperature of fluid  K 

Tfi-outer/inner-i fluid temperature at the inlet of outer or inner pipe element i. 
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U overall heat loss coefficient  W/m
2
 K 

Ut top heat loss coefficient  W/m
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 K 

Ub bottom heat loss coefficient  W/m
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 K 

Uo overall heat transfer coefficient  W/m
2
 K 

V velocity  m/s 

Vair velocity of air  m/s 

W width of absorber  mm 

x vapor quality   

Y area correction factor  

ΔTm mean fluid temperature difference in the outer and inner pipe  K 
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Φ surface heat flux  W/m
2
 

εg emissivity of the glass   

εp  emissivity of the absorber surface coating   
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ηc collector efficiency based on aperture area   

(τα)e effective transmittance-absorptance product   

σ Stephen Boltzmann constant  W/m
2
 K

4
 

ρf density of liquid  kg/m
3
 

ρg density of vapor  kg/m
3
 

αred reduced thermal coefficient   

μ dynamic viscosity of gas  kg/m sec 

β collector slope  degrees 

Subscripts: 
 

 

c combined  

c’ combining manifold in Z-configuration  

r riser  

s side  

st straight  
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Chapter 1 : Introduction 

1.1 Background 

The sun is an ample source of energy available on the surface of earth in the form of 

electromagnetic radiation, which doesn’t need to be explored like the conventional fossil fuels. 

Only 0.1% of the total amount of energy received on the earth, when converted at an efficiency of 

10% would generate four times the world’s total generating capacity of about 3000 GW 

(Thirugnanasambandam et al. 2010). The designing and construction of efficient devices and 

processes to explore this freely available energy in the form of either heat or electricity keeping in 

view its varying nature through the day and year round is the challenging task for engineers and 

scientists. Solar thermal energy production is different from the solar photovoltaic in a sense that 

in the former case, the sun radiation is converted to heat, and that heat is used for domestic hot-

water supply, space heating and/or cooling or to run a heat engine to produce electricity, while in 

the latter case the sun light is directly converted into electricity. 

Heating and cooling of buildings form a significant fraction of the primary energy 

consumption. The energy demand for air conditioning of commercial and residential buildings has 

been rising in last few decades. The main reasons are the need of comfortable working 

environment in the buildings and increased living standards with ever growing urbanization. In 

Europe, the primary energy consumptions for air-conditioners are expected to increase from 

11,000 to 44,000 GWh in a time span of 1996 to 2020 (Henning, 2004). Global energy demand 

for heating is projected to increase until 2030 and then stabilize but on the other hand, energy 

demand for air conditioning is projected to increase rapidly over the whole century, i.e. 2000–

2100 (Issac and van Vuuren, 2009). Especially in the regions with hot and humid climates, 

electricity demand for air conditioning increases significantly during the long summer season and 

electric power plants are unable to meet the peak demands.  

Solar thermal energy is a favorable alternative for air conditioning of buildings, and the 

interest is growing continuously among engineers and professionals, since the peak cooling is 

generally required when conditions are most favorable to the use of solar technologies. This can 

provide substantial economic benefits as a combination of the conventional and solar-cooling 

systems can be used to meet the peak load requirements. Solar cooling is generally provided 

either by an electric refrigeration system which mainly consists of photovoltaic panels combined 

with a conventional vapor compression system or by solar thermal systems, which use heat 

energy to produced cooling by thermally driven refrigeration cycles. 

The main technologies available for solar cooling are the following: 

 with photovoltaic drive: 

 vapor compression  

 thermoelectric (Peltier) 
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 With solar thermal device: 

 Thermo-mechanical refrigeration cycle (based on Rankine and/or Stirling cycle) 

 Absorption refrigeration cycle 

 Adsorption refrigeration cycle 

 Desiccant systems 

The operational details of each of the above-mentioned systems are well-known and 

reported in various literatures (e.g., Henning, 2004; Kim and Infanrte Ferreira, 2008). Thermally 

driven refrigeration cycles have so far contributed a major share in the solar cooling applications, 

where solar collectors are used to provide energy for cooling based on absorption, desiccant, and 

adsorption cycles. Among the thermal driven cooling cycles, absorption cooling cycles are one of 

the most promising and dominating technologies in the field of solar cooling. The system employs 

low grade thermal energy (solar, combined heat and power systems, or waste heat) to produce 

cooling. Based on the data collected regarding the configuration and operational details of about 

54 research and demonstration projects under the SACE (Solar Air Conditioning in Europe) 

project, approximately 70 % of the systems employ an absorption chiller; 10 % use adsorption 

chillers, 10 % use desiccant cooling systems (Balaras et al. 2007). The total cost of single effect 

absorption chillers is estimated to be the lowest and solar electric and thermo-mechanical systems 

are more costly than solar thermal systems (Kim and Infanrte Ferreira, 2008). Further designs of 

absorption cycles in the form of double and triple effect chillers result in larger performance 

values (COP) (Grossman, 2002; Gordon and Choon NG, 1999). In any case, high temperature is 

required, because cooling power increases with high input temperature. So, performance at 

elevated temperature (higher than required for hot water or room heating) has to be investigated. 

1.2 Solar Collectors used for Solar Cooling Applications 

The whole solar circuitry consisting typically of solar collectors, storage tanks, connecting 

piping, pumps, valves and control system combined is responsible for the efficient transfer of 

required energy to the cooling equipment. Fig. 1.1 shows the schematic diagram of the basic 

configuration of the solar thermal heating loop to power a solar based cooling system. Solar 

heating loop’s performance is very critical in any solar absorption cooling system to maintain the 

required heat transfer level within the range of specified temperatures. The components of a solar 

heating loop for solar cooling application must be well selected, properly sized, and carefully 

assembled in order to ensure that the system will function properly and cost-effectively.  
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Figure 1.1: General scheme of solar thermal heating loop for a solar based cooling system 

A solar collector is the central energy source of any solar thermal system. Solar collectors 

trap the sun’s radiation to produce heat and transfer this heat to a flowing fluid (air, water, water 

plus antifreeze agent, etc.) which is then used to energize a certain heating or cooling device. The 

sizing of a solar collector for a solar cooling system is a complex problem involving a number of 

interrelated factors and parameters, which include, among others, the type of solar collector, the 

changing cooling demand, the operating temperature range, the storage tank size, the capacity of 

heat exchangers, the weather conditions, and a good number of economic parameters. A large 

number of collectors have been designed and developed over the years and classified according to 

their operation and application (Duffie and Beckman, 2006; Felix and Remmers, 2002; Kalogirou, 

2004; Garg et al. 1982). The collectors are broadly differentiated based on their movement, i.e. 

fixed or tracking collectors and operating temperatures. No practical demonstration can be 

reported involving tracking collectors for solar cooling application. The following are the main 

types of solar collectors, in use for solar cooling application: 

1. Flat plate solar collector 

2. Evacuated tube solar collector 

3. Compound parabolic solar collector  

Flat plate and evacuated tube solar collectors are commonly used in solar cooling 

applications. Sparber et al. (2007) presented an overview of the collected data of the installed 

solar cooling systems worldwide.  It was shown that a total gross area of 23720 m
2
 of solar 

thermal collectors is used to supply necessary heat to fulfill the overall cooling capacity of 9 MW, 

out of which 53 % is constructed of flat plate collectors, 37 % vacuum tube collectors, 7.3 % of 

compound parabolic collectors, 2.6 % of air heaters. The working details of these collectors will 

be explained briefly here. 
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1.2.1 Flat Plate Solar Collector 

Flat-plate collectors (FPC) are the most common and widely used collectors for residential 

water-heating and space-heating and cooling installations. A typical flat plate collector is shown 

in Fig. 1.2 and consists of the following components: 

 

Figure 1.2: Schematic view of a flat plat collector 

 One or more transparent covers made of glass or plastic that let in solar energy, mostly of 

which is in visible range and block the long wavelength thermal radiation emitted by 

enclosed heated materials, 

 

 Dark surfaces inside of high absorptivity, called absorber plates that soak up heat,  

 

 Insulation materials at the back and sides of the collector box to prevent conduction heat 

loss to the environment; and  

 

 Vents or pipes connected to or integrated into the absorber plates to carry the heated fluid 

to where it can be stored or used. 

FPCs need to be sloped at some angle to absorb the maximum amount of incoming 

radiation depending on season and location, facing towards the south in the northern hemisphere 

and north in the southern. The transmittance of the transparent cover and the absorptance of the 

absorber plate together also termed as the effective transmittance-absorptance product (τα) is a 

function of angle of incidence of the beam, diffuse and reflected solar radiation and can be 

estimated analytically (Duffie and Beckman, 2006; Kaushika and Arulanantham, 1996). The main 

function of the transparent cover is to produce a greenhouse effect by allowing the short wave 

radiation to pass through and block the emitted long wave radiation. The spacing between the 
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absorber plate and cover is usually occupied with a stagnant layer of air at the atmospheric 

pressure, and the spacing distance is optimized to give minimum heat loss. The absorber plate is 

usually made of highly conductive material (such as copper, aluminum or steel) and is coated to 

have a surface with high absorptance for short wave solar radiation. 

FPCs have been quite extensively studied with regard to various aspects of its thermal, 

material, and flow design and performance (e.g. Duffie and Beckman, 2006; Hollands et al. 1976; 

Grossman et al. 1977; Yausaf and Adam, 2008; Whiller, 1953; Culham and Sauer, 1984; Praene 

et al. 2005; Cadafalch, 2009; Matuska et al. 2009; Tiris et al. 1995; Eisenmann et al. 2004). The 

main technical drawback of these collectors is their steep decrease in efficiency at high working 

fluid temperatures due to increased losses by convection of air between the absorber plate and 

glass cover. Much of the work has been done and is being carried out to improve its efficiency. 

The inclusion of different other gases with higher molecular weights than air (Beikircher et al. 

1995; Föste et l. 2010; Vastlund et al. 2009), using a transparent honey comb structure in the air 

gaps (Kaushika and Sumathy, 2003; Rommel and Wagner, 1992), or producing a moderate 

vacuum in the gap, have been extensively studied and implemented to improve the collector 

performance. Over the years coating surfaces have been developed, which have high absorptance 

of solar radiation and low emittance of long wave radiation, so as to accomplish low radiation 

heat losses at high temperatures.  

1.2.2 Evacuated Tube Solar Collector  

Due to the technical difficulties to evacuate the space between the absorber and cover in 

FPC and to withstand the resulting external pressure, evacuated tube collectors are used. The 

vacuum insulation between absorber plate and glass covers is achieved by lowering the gas 

pressure down to 10
-5 

mb or even less thus almost completely eliminating the gas 

convection/conduction. ETC are relatively expensive but very low heat conduction losses and the 

resulting high efficiency even at low specific solar radiation give such collectors a substantial 

advantage over standard collectors. Furthermore, environmental factors such as condensation of 

moisture are prevented in ETC and their efficiency is also high at low incidence angles. The use 

of selective coatings, reflecting downside mirrors, anti-reflecting coatings, etc. attribute to higher-

performance values. Various studies have been carried out to evaluate and compare the thermal 

performance of ETC and FPC (Zombolin and Col, 2010; Budihardjo and Morrison, 2009). The 

lifetime of vacuum collector tubes is higher in general than that of standard FPC but loss of 

vacuum due to glass cracks resulting from overheating and degradation of vacuum due to leakage 

and/or out-gassing of the absorber are the critical factors which can severely affect its 

performance. 

A large number of vacuum tube collectors with a variety of types and absorber 

configurations based on: all glass, heat pipe, direct flow with and without reflectors, flat and semi-

cylinder absorbers are available. Some of these commonly used configurations are shown in Fig. 

1.3. Each configuration has its own merits and drawbacks depending upon the particular 

application and economic aspects. In Fig, 1.3 types (a-c) and (e-g) are the examples of direct flow 

(single phase) vacuum tube collectors which utilize the sensible heat of the working fluid while 

type (d) is a heat pipe collector (two-phase), and it utilizes the latent heat of the working fluid 

which flows by natural convection between two phases. Types (a-d) consist of metallic flat 
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absorber sheets placed in an evacuated glass tube, with a difference of the attached fluid passage, 

i.e. coaxial, U-tube and circular straight-through pipe. Glass to metal seals are provided at the 

manifold end of the collector. These configurations are treated like a flat plat solar collector 

except to account for the evacuated space between the absorber and the glass envelope. Types (e-

g) comprise of double glass tubes. Type (e) is a Dewar type solar collector; it consists of two 

concentric glass tubes joined at one end, with a vacuum between tubes. The working fluid flows 

in the inner glass having a selective surface absorber on its outer surface, extracts heat and flows 

back to the tank by natural convection (Morrison et al. 2005). Type (f) consists of three concentric 

glass tubes, where the inner most tube is the feeder tube and the space between outer two glass 

covers is evacuated as for type (e). In another design, the inner most tube is made of metal 

(Schmid et al. 1990). Type (g) is another version of glass in glass evacuated tube collector where 

cylindrical copper fin is closely fitted with the inner glass cover having surface coating on its 

outer surface. Heat is conducted through the connected U-pipe which is in good thermal contact 

with the cylindrical copper fin. In a most-recent design proposed by Liang et al. (2011), a layer 

made of high thermal conductivity material is used to fill the inner space of the cylindrical 

absorber. New geometries of ETCs are also being developed and investigated (Shah and Furbo, 

2003; Diaz and Sharma, 2011). 

 

b) Absorber: f lat, metal with coating. Passage: metal U-pipe

a) Absorber: f lat, metal with coating. Passage: metal coaxial pipe

Glass

Absorber

Glass

Absorber

d) Absorber: Flat, metal with coating. Passage: metal, circular pipe with one end closed

Glass

Absorber

Glass

Absorber

c) Absorber: f lat, metal with coating. Passage: metal, circular pipe straight through
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Figure 1.3: Schematic diagrams of different configurations of evacuated tube collectors 

Various studies have been done to compare the performance of different evacuated tube 

collector configurations. Kim and Seo (2007) investigated the thermal performance of glass 

evacuated tube collector (type e-g) with different shapes of the absorber tube. Hayek et al. (2011) 

experimentally investigated the performance of water-in-glass (type e) and the heat pipe designs 

(type d). The heat pipe design is found to be much more efficient than the water-in glass type. 

1.2.3 Compound Parabolic Collector  

Compound parabolic collectors (CPC) are usually non-tracking and non-imaging collectors. 

These were first introduced by Winsten (1974). They are made up of two parabolic reflectors and 

an absorber which is placed at the bottom of the collector, as illustrated in Fig. 1.4. The absorber 

can have different configurations, e.g., flat, cylindrical, etc. The most commonly studied system is 

a doubled walled concentric glass tube placed at the focus of a compound parabolic concentrator 

(CPC) (Sawhney et al. 1984). So it is merely an ETC placed at the focus of a CPC. Incoming solar 

radiation falls over a wide range of angles on the CPC and after multiple reflections it is 

ultimately absorbed on the absorber surface. CPCs are usually covered with a glass cover as a 

protective shield from the environment.  

 

g) Absorber: cylindrical, metal with coating. Passage: metal U-pipe

Glass

Absorber

f) Absorber: cylindrical, glass with coating. Passage: glass coaxial pipe

Glass

Absorber

e) Absorber: cylindrical, glass with coating. Passage: glass

Glass

Absorber
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Figure 1.4: Schematic diagram of compound parabolic collector 

1.2.4 Collector Performance Rating 

Standardized test methods have been developed to rate the collector’s performance in 

order to compare with each other and estimate their potential for a certain application. The 

most commonly used and well known methods are those of ISO 98061-1 (ISO, 1994), 

ASHRAE 93-77 (ASHRAE, 1977) and the more recent European standard EN 12975-2 (CEN, 

2000). ISO and ASHRAE standards are based on steady-state conditions, while EN 12975-2 

also allows a quasi-dynamic test method for characterizing the thermal performance of the 

solar collectors. These Standards are well accepted for the test of flat plate collectors and 

evacuated tube collectors. 

The basic procedure for collector testing is that under the exposure of solar radiation the 

fluid is circulated through the collector at a certain known mass flow rate and the inlet and 

outlet temperatures of the flowing working fluid are measured. Heat gain of the collector is 

then given by:  

              1.1 

The same useful heat gain of the collector can be written in the following form of 

absorbed solar heat and lost heat to the ambient (Duffie and Beckman, 2006): 

                           1.2 

where U is the overall heat loss coefficient; Ti and Ta are the inlet fluid and ambient temperatures, 

respectively. Gav is the global irradiance consisting of direct, diffuse and/or ground-reflected 

irradiance. (τα)e is the term representing the optical losses of the collector, known as effective or 

average transmittance-absorptance product which corresponds to proportions of beam, diffuse 

and/or ground reflected radiation and their respective incidence angles. FR is the collector heat 

Cover

Envelope
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removal factor, which can be defined as the ratio of actual heat delivered to that delivered if the 

whole collector surface were at the fluid inlet temperature Ti. In terms of mean fluid temperature 

Tm of the working fluid, Eq. (1.2) can be written as: 

                           1.3 

where Fc is the collector efficiency factor, which has the same definition as FR but with a 

difference that it refers to average fluid temperature Tm in the collector instead of entering 

fluid temperature Ti (Bliss, 1959).  

Thermal efficiency of the solar collector can then be obtained as: 

              
     
   

  1.4 

U is generally a function of collector and ambient temperatures (Cooper and Dunkle, 1980), 

which is expressed as: 

                1.5 

And this leads to the following expression: 

           
       

   

  
       

 

   

 
1.6 

 

where Fc(τα)e is the zero loss efficiency for global radiation, also known as the optical efficiency. 

Coefficients a and b are evaluated experimentally or analytically. Eq. (1.6) does not consider the 

effect of flow rate.  

An alternative way to account for the incidence angle variation is to use the concept of 

incidence angle modifier Kθ. Kθ is defined as the ratio of transmittance-absorptance product at 

some θ angle (τα)θ to transmittance-absorptance product at normal incidence (τα)n. Eq. (1.6) can 

be written in a modified form as: 

             
       

   

  
       

 

   

 
1.7 

 

The quasi dynamic test method based on EN 12975 offers a much wider range of test 

conditions, where Eq. (1.7) is expanded by employing the diffuse fraction of the available solar 

radiation, by accounting for the variable climatic conditions, and also by the addition of the long 

wave thermal irradiance dependence of the heat losses (Fischer et al. 2004).  
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1.3 Problem Statement 

1.3.1 General Overview 

Solar thermal systems in general are cost-effective alternatives with regard to its vast 

application for domestic hot-water supply (DHW) and sometimes even for space heating (SH). 

Space cooling application is more challenging as solar based cooling systems need to be operated 

at much higher temperatures. Solar cooling installations require a more detailed approach and 

additional considerations in the design and performance evaluation processes.  

The two main components of a solar cooling system are the solar collector and the chiller, 

the coupling of which determines the overall system efficiency.  Hence, the overall performance 

of solar cooling systems depends on the type of solar cooling system, including the chillers, the 

cooling tower, the installed cooling distribution system and the solar collector system. Due to 

their complex design, high initial cost, lack of standardization, and unavailability in small sizes (< 

10 KW), existing solar cooling systems are still not competitive to the conventional electricity 

driven vapor compression systems. The main reason is the higher-energy consumption of the 

auxiliary components (e.g., pumps, auxiliary heaters, cooling towers, etc.) then the contribution 

from the solar part and therefore, the required primary energy savings are not achieved. This can 

have multiple reasons, but in many cases, they are based on system-related aspects like the misfit 

of single components, the control strategy, etc.  

The heat energy usually is provided by a collector field installed on the building roofs, 

which essentially consists of a large number of small collector modules connected by a piping 

network with each other. In a solar cooling system, medium temperature collectors are used to 

provide hot fluid in the 80-150 
o
C temperature range, depending on the chosen absorption 

technology. Although the collector technology is well known, there are thermal and hydraulic 

problems observed during the operation of solar collector circuitry used for absorption chillers, 

because of which the required/expected thermal advantages cannot be obtained (Henning, 2004). 

This means that collector’s performance may degrade during operation phase due to various 

reasons which are not realized initially in the planning phase. So, lower collector’s efficiency than 

the manufacturer’s performance rating can be one of the potential reasons of low or no primary 

energy savings. 

The following factors come into question as the possible causes of performance reduction 

of a solar collector as compared to the performance rating established by the manufacturer: 

a. Intermittent nature of available solar radiation and other environmental parameters like 

ambient temperature, air velocity, etc. 

b. Non-uniform flow distribution through the solar collector and its detrimental effect on net 

thermal gain. 

c. Degradation of the thermal properties (decreased absorptance and/or increased thermal 

emittence) of the absorber material and applied surface coatings due to aging and high 

working or stagnation temperatures. 

d. Partial stagnation or occurrence of two-phase flow in direct flow solar collectors due to flow 

starvation and fluid reaches boiling temperature. 
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e. Vacuum deterioration of the evacuated tube collectors by the joint leakage, diffusion from 

the atmosphere or gas efflux from absorber materials and the resultant increased heat losses 

to ambient. 

f. Collector’s specific geometry, where a certain configuration may result in better performance 

than other (e.g. a curved or flat shaped absorber attached to U or coaxial piping).  

g. Losses due to shading from the neighboring collectors and other nearby constructions. 

h. Type and capacity of the auxiliary heater used.  

i. Heat losses and temperature drop of working fluid in the connected piping and other 

hydraulic components of the whole solar circuitry. 

j. Mismatch between the required cooling demand and available irradiance.  

So, more comprehensive studies are needed to further evaluate and understand the various 

thermal and hydraulic aspects of the solar collectors in order to ensure its reasonable performance 

levels during the whole operation life. This lays down the basis for conducting the present 

research.  

1.3.2 Solar System at Bundespressamt Berlin 

The present study is a continuation of the work which was realized within the project 

“Experimental investigations of the performance reduction in a collector field for solar assisted 

cooling” funded by German Federal Ministry for Environment, Nature Protection and Reactor 

Safety (FKZ0329283A), the main task of which was to investigate the performance reduction of 

an installed solar based air-conditioning system. The collector field powers the air-conditioning 

system which consists of two heat driven absorption chillers with a nominal input heat flow of 44 

kW each with driving temperature of about 80-85 
o
C. The details regarding the project history, 

system description, installed monitoring equipment and some initial monitoring data are also 

available in (Albers and Römmling, 2004). A complete system description is also given in chapter 

2 (Section 2.2). The system has been in operation for 6 to 8 years and still is operating today. 

The collector field consists of direct flow evacuated tube collectors having a total gross area 

of 348 m
2
. The collectors are installed at the roof of an office building of the Federal Press 

Information Center in Berlin (BPA) as shown by a pictorial view in Fig 1.5.  
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Figure 1.5: Pictorial view of the solar collector field at the Federal Press Information Center in Berlin 

The initial system monitoring results were obtained in year 2003. Among other technical 

problems in the whole cooling system very low collector efficiency was one of the major concerns. 

The monthly mean collector efficiency was found to be in the range of only 15 % and longer 

warm-up period in the morning (approximately 3 hours) were needed to reach the required 

temperature level for the first absorption chiller to start. Albers and Römmling (2004) performed 

a TRNSYS simulation of the collector field based on the measured meteorological data for one 

particular day (25/08/2003) and by taking into account the thermal capacities of the whole 

collector field, including fluid, connecting pipes and buffer storage. Collector’s manufacturer’s 

data was used to characterize its thermal performance in the TRNSYS simulation. The 

comparison of the measured and simulated results is illustrated in Fig 1.6. It can be seen that for 

the same simulated and measured flow rates (VK,sim-100-250 and VK,mes, respectively) the simulated 

warm-up period (tKh,sim-100-250) is approximately one hour shorter than the measured one (tKh,mes). 

Then, by increasing the collector loss coefficient from 2.22 W/m
2 

K to 7.77 W/m
2 

K while 

keeping the other parameters unchanged the simulated temperature profile (tKh,sim-100-250,7.77) agrees 

well to the measured profile (tKh,mes). This indicates a pronounced increase in the overall heat loss 

coefficient of the collector’s circuitry.  
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Figure 1.6: Comparison of measured and simulated data (Albers and Römmling, 2004) 

Subsequently, Buchholz et al. (2010) also performed a transient analysis of the same 

collector field in TRNSYS. For a typical day (8/5/2008), weather data, the collector loop input 

temperature (tKc) and the volume flow rate were the input parameters for the simulation taken 

from the measurement data. Fig 1.7 shows the measured and simulated collector heat gain profiles 

(Qk,sim, Qk,mes, respectively), their difference Qdiff and the additional loss factor (UA)ad, which is 

given as: 

       
     

     
 1.8 

where TK and TA are the mean collector and ambient temperatures respectively. The loss factor 

reaches up to 500 W/K. Fig 1.7 shows a similar trend as earlier established by Albers and 

Römmling (2004).  
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Figure 1.7: Diurnal profile of the heat flux simulated (QK,sim) and measured (QK,mea), heat flux difference 

(Qdiff) and the derived additional heat loss coefficient (UA)ad (Buchholz et al. 2010) 

Buchholz et al. (2010) employed thermal imaging based on infrared photography to analyze 

the additional heat losses in the collector circuitry. Fig 1.8 shows two thermal images during night 

time when the collector was fed with heated fluid. Fig 1.8 (left) shows damaged areas of the pipe 

insulation referring to high temperatures. Fig 1.8 (right) depicts the differences in glass cover 

temperatures of the individual collector tubes which was reckoned to be due to varying amount of 

vacuum quality inside the glass envelope and/or non-uniform flow distribution. 

 

Figure 1.8: Infrared photography in thermal reverse mode during night showing damages in the pipe 

insulation (left) as well as vacuum loss in the collector tubes (right) (Buchholz et al. 2010) 

Another important factor which was realized during the normal day time operation was the 

phenomenon of partial stagnation in some tube (Albers, 2004). This refers to the occurrence of 

two-phase flow where the fluid temperature reaches the boiling point and high temperature peaks 

were observed at the outlet of some tubes, which was again thought to be a result of non-uniform 

flow distribution in the collector array.  



Investigation of Hydraulic and Thermal Performance of Solar Collectors Used for Solar Cooling 

   15 

 

In view of the above work, questions arise about the collector’s hydraulic and thermal 

performance, which need to be investigated to gain an understanding about the major sources of 

thermal loss in the collector. 

1.4 Research Objectives and Methods 

The aim of the research was to go over the main technical problems to investigate the behavior 

of various design parameters and to identify the major factors affecting the solar collector’s 

performance, in order to suggest the optimal operating strategy toward the enhancement of the 

system efficiency. The present study is limited to the analysis of one particular type of vacuum 

tube solar collector (see Figs. 1.5 and 2.3) which is being used to power a solar based air-

conditioning system, based on the single effect LiBr/H2O absorption refrigeration cycle.  

The research has been carried out using an analytical and a numerical approach, simulation 

tools and systematic laboratory experimentation to study the various collector performance 

degrading factors. Considering the problems associated with the performance of the solar 

collector, the rest of the thesis addresses the following issues, which demonstrate the overall 

objectives of the presented research work: 

 To collect and evaluate the realistic performance factors of an in-operation solar based 

air-conditioning system from the recent monitoring data and identify the key areas of 

major performance reduction, especially the nature and extent of the solar collector’s 

role for major improvement possibilities. 

 

 To determine the extent of deterioration of vacuum insulation in ETCs and analyze the 

presence of different gases in the evacuated space. 

 

 To predict the flow distribution in the collector array consisting of a number of 

individual collector tubes connected in different flow configurations and quantifying its 

effects on collector’s thermal performance. 

 

 To develop a detailed numerical model of the solar collector to simulate its thermal 

performance enabling the evaluation of collector efficiency as a function of operating 

parameters (E.g. to quantify the effects of vacuum deterioration and non-uniform flow 

distribution, etc.). 

 

 To study and evaluate the impact and causes of partial stagnation (or two-phase flow) by 

modeling its influences on solar collector’s performance. 

 

 To modify thermal and hydraulic design modifications in the solar collector and to 

develop guiding principles to minimize the discrepancies between actual and expected 

results. 
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In order to reach these objectives, the adopted methodology is a classic empirical one. The 

individual steps can be described as follows: 

Data Collection 

As a start, a survey of the available literature has been carried out concerning journals, 

proceedings, reports and other state-of-the-art material available on the subject, and discussion 

with experts for the collection of data with regard to design and manufacturing details of the solar 

collectors. 

Analytical Modeling 

Mathematical formulation is a representation of the real system which is used to 

characterize, analyze and optimize the system’s behavior and performance. A compromise has to 

be made between a too complex mathematical model which requires immense computation time 

without contributing so much to the accuracy of the solution and a too simplified model which 

doesn’t consider the key factors and will result in large errors. It is always useful to model the 

thermal behavior of a solar collector to perform a detailed parametric analysis with regard to its 

thermal efficiency. The steady-state modeling has been effectively used for thermal analysis of 

solar collector. With the advent of new computational software and fast computers, it is becoming 

easier to implement more detailed and complex physical phenomena in the models and solve them 

in a reasonable computation time. 

A detailed modeling has been carried out and implemented in computer program (e.g. 

MATLB and MS-Excel) to simulate the behavior of thermal and hydraulic performance of the 

solar collector and to perform a detailed parametric study to execute the sensitivity analysis.  

Simulation 

  Computer simulation is a part of this research work. Available simulation tools (e.g. 

FLUENT) are used in conjunction with the analytical models for virtual prototyping and replacing 

the need for building expensive experimental setup.  

Experiments 

  Experimental strategies have been developed and conducted for detailed practical analysis 

of solar collectors, which after evaluation give rise to an insight to understand the aging behavior 

of solar collectors and deterioration of the collector thermal characteristics.  

Conclusion and Design Proposals 

Trials towards thermal and hydraulic design modifications of solar collectors and 

developing guiding principles to minimize the discrepancies between actual and expected results 

are the final outcomes. The developed tools and demonstrations illustrate the conceptual advances 

made within this work as well as providing an approach to evaluating those advances in practice. 

1.5 Thesis Structure 

The entire thesis is divided into 8 chapters. In chapter 1 (current chapter), a brief 

introduction on the subject matter, overall objectives and goals of the research work, and adopted 

methodology are presented.  
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Chapter 2 details the performance monitoring procedure for a solar assisted air-

conditioning system. The procedure has been implemented for various months of years 2007-

2009, for a system under operation in an office building in Berlin. A state-of-the-art review of the 

performance results of the various installed solar based air-conditioning systems worldwide is 

presented. The key performance figures are shown, which signify the effect of solar collector’s 

reduced efficiency on the overall system’s performance.  

Chapters 3 to 6, each deal in detail with a particular performance factor of the coaxial 

vacuum tube solar collector.  

Chapter 3 focuses mainly on the vacuum deterioration analysis of the individual vacuum 

tubes which were in operation for years. The state of knowledge related to collector aging, 

vacuum leakage and types of evolved gases in the evacuated tube collectors, and available 

methods used for studying gas conduction are reviewed. The chapter then elaborates on the 

experimental procedure adopted to estimate the overall heat loss coefficient of the individual 

vacuum tubes. A numerical model is presented to determine the overall heat loss coefficient of the 

vacuum tube collector and to predict and discuss the presence of a certain gas at some arbitrary 

pressure inside the glass envelope. 

In chapter 4, a method based on computation fluid dynamics (CFD) analysis is presented to 

estimate the pressure loss coefficients at the tee-junctions of a collector manifold for a range of 

locally changing flow ratios and Reynolds numbers. In the second part of the chapter, based on 

the evaluated loss coefficients at junctions, an analytical model is described to determine the flow 

distribution in a solar collector consisting of a number of collector tubes connected in reverse and 

parallel configurations. Model validation with the available experimental results is described and 

a sensitivity analysis and parametric study are also performed to investigate various aspects of the 

flow distribution. 

Chapters 5 and 6 detail the development of a comprehensive numerical model of the 

coaxial vacuum tube collector and its implementation in a computer program which can be used 

to analyze the effects on performance of a wide range of input parameters. In chapter 5, a 

literature review with regard to mathematical modeling and analysis of the different types of 

direct flow vacuum tube collectors is given. CFD analysis is also presented, which is used to 

calculate the fluid temperature distribution within the coaxial pipe to verify the numerical 

procedure. Collector performance results for single phase all-liquid-flow through a single coaxial 

vacuum tube collector are shown, which mainly includes the temperature and fluid heat gain 

profiles, efficiency variations with flow rate and vacuum deterioration. In chapter 6, the numerical 

model based on single phase liquid-flow described in chapter 5, is further extended to consider the 

phenomenon of partial stagnation, which refers to flow boiling and resulting evaporation and/or 

condensation of the working fluid. Available correlations for estimating the boiling and 

condensation in the pipes and their limitations are discussed. Causes and implications of partial 

stagnation on collector performance are discussed. The numerical models for single and two-

phase flow are compared and validated with the available experimental results.  

In Chapter 7, overall thermal performance is investigated for the whole collector consisting 

of a number of vacuum tubes, by taking into account the amount of vacuum leakage, number of 

vacuum tubes, flow configuration and associated non-uniform flow distribution. Assessment is 
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made for the input parameters and ambient conditions which are typical for the operation of a 

solar cooling plant. The chapter summarizes the whole study by bringing together all the key 

factors influencing collector’s performances, which are then used to devise a set of guidelines or 

strategies, which needs to be taken care off during design and/or operation phase for an optimal 

collector operation. 

Chapter 8 contains the overall conclusions, core findings of the research work, contribution 

made, and recommendations for future work. 
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Chapter 2 : Performance Monitoring of a Solar Air-
Conditioning System  

This chapter describes the on-field performance analysis of the solar air-conditioning 

system installed at an office building (Federal Press Information Center) in Berlin. The system 

has been in operation since 2002. The system is monitored, and the test results are presented 

according to the monitoring procedure proposed by IEA-SHC (International Energy Agency – 

Solar Heating and Cooling) task 38 to establish realistic performance estimates to identify key 

areas for major improvement possibilities.  

Various system configurations are in operation across the world, the performance 

evaluation of those being the key towards improving and enhancing their wider application in the 

market. The installation strategy and the types of solar collectors used for a particular application 

affect its performance under certain conditions. The basic aim of the IEA-SHC task 38 (Henning 

et al. 2007) is the implementation of measures for an accelerated market introduction of solar air-

conditioning with a major focus on improved components and system concepts. 

2.1 Literature Review 

Heat driven single-stage lithium bromide absorption chillers are one of the most commonly 

used solar cooling systems. A review of the more recent performance results of the various 

installed solar based air-conditioning systems is presented here. The literature survey is divided 

into two main parts. The 1
st
 part describes the systems performance outcomes of solar cooling 

systems operating under real conditions while the 2
nd

 part illustrates the use of various simulation 

tools to perform an off-line experimentation to establish system performance values.  

Bong et al. (1987) reported the performance parameters of a solar powered 7 kW 

absorption chiller in Singapore. The system consisted of heat pipe collectors with a total area of 

32 m
2
, an auxiliary heater, a hot-water storage tank, and a 17.5 kW cooling tower. The overall 

daily average cooling capacity provided was 4 kW with a COP of 0.58 and a solar fraction 

(fraction of total thermal energy provided by the solar collector, (Eq. (2.4)) of 39 %.  

Al-Karaghouli et al. (1991) presented the operation results of a solar cooling system 

installed at the Solar Energy Research Center in Iraq. The system was composed of two 

absorption chillers of 211 kW cooling (60-RT) each, 1577 evacuated tube collectors, two thermal 

storage tanks of 15 m
3
, and five cooling towers and various backup systems. The daily average 
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solar collection efficiency (Eq. (2.3)) was 49%, with a chiller COP of 0.62 and a solar heating 

fraction of 0.60. 

Meza et al. (1998) reported the performance parameters of an experimental solar assisted 

system, which consisted of a 35.17 kW cooling absorption chiller, powered by 113 m
2

 of selective 

surface flat plate collectors, a 5.7 m
3 

hot water storage tank, and a cooling tower of 84 kW 

capacity. The overall absorption system collector array efficiency was 30.5%, the nominal cooling 

capacity was measured at 25 kW with a COP of 0.63% and a 95% solar heating fraction. 

Li and Sumathy (2001) reported the performance results of a single effect LiBr/H2O 

absorption chiller. The chiller’s capacity was 4.7 kW driven by a flat plate collector array of area 

38 m
2
 and a novel two partitioned hot-water storage tank with a volume of 2.75 m

3
. The results 

showed that the partitioned storage tank performs better in the cloudy conditions than the 

conventional single hot-water storage tank. A COP of 15 % higher than the traditional whole-tank 

mode is achieved. 

Sumathy et al. (2001) proposed a two-stage LiBr/H2O absorption chiller (double lift), 

which can be run by low temperature hot water in the range of 60 to 75 
o
C. The chiller with a 

nominal cooling capacity of 100 kW was designed and installed, which was energized by a flat 

plat collector having a total area of 500 m
2
. The proposed system showed a COP of 0.4 for a wide 

range of generator temperature as compared to a single stage chiller. 

Duff et al. (2004) presented the results of a double effect chiller powered by a CPC 

reflector which was integrated into an evacuated solar collector (ICPC). The system comprises a 

chiller with a nominal capacity of 70 kW designed to operate at 150 
o
C, ICPC evacuated tubes 

with an aperture area of 106.5 m
2
, a storage tank of 3900 liters, and a backup natural gas-fired  

boiler of 70 kW capacity. Based on the data collected from the measurement system, daily 

collector efficiencies of nearly 50 % and instantaneous collection efficiency of about 60 % were 

achieved in the operating range of 120-160 
o
C while for the operating range of 75-110 

o
C daily 

and instantaneous efficiencies were in the range of 55 and 60 % respectively. Daily COP was 

approximately 1.1. 

Syed et al. (2005) reported experimental results of a 35 kW LiBr/H2O absorption machine 

installed in Madrid, powered by 49.9 m
2
 of flat plat collectors, during the summer period of 2003. 

The flat plat collector was made up of an absorber having selective sol-titanium (TiNox) coating 

on a copper substrate and copper tubes brazed to the absorber in a serpentine pattern. For one 

particular day when the system worked completely with solar energy, the average collector 

efficiency was 0.5, COP was 0.42, and cooling ratio (ratio between useful cooling and the solar 

irradiance) was 0.11.  

Pongtornkulpanich et al. (2007) reported the performance values of a solar driven single 

effect LiBr/H2O absorption chiller installed in a school building in Thailand. The nominal 

capacity of the chiller is 35 kW operating in the temperature range of 70-90 
o
C, which is furnished 

by a collector field consisting of 72 m
2
 of absorber area, and a LPG fired backup heater. An 

excellent amount of the yearly solar fraction of 81 % was achieved.  

Ali et al. (2008) presented 5 year’s performance results of an integrated cooling plant with 

combined free cooling and solar-powered single-effect lithium bromide-water absorption chiller 
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in operation. The system is made up of 35.17 kW cooling single effect LiBr/H2O absorption 

chiller, vacuum tubes collectors with area of 72 m
2
, a hot and cold-water  storage tank of 6.8 m

3
 

and 1.5 m
3
 capacity, and a cooling tower of 134 kW capacity. Monthly average collector’s 

efficiency was in the range of 34.1 to 41.8 %. The monthly average value of solar fraction varies 

from 31.1 % to 100 % and the five year’s average value of about 60 %. 

Agyenim et al. (2010) reported the experimental results of a domestic small capacity solar 

cooling system designed for an office in Cardiff University. The system consists of a 4.5 kW 

LiBr/H2O absorption chiller driven only by 12 m
2
 vacuum tube collectors via a 40 kW heat 

exchanger, 1000 liters of a cold-water tank and a 6 kW fan coil unit for chilled water circulation. 

For a typical day, the measurements showed an average thermal and electrical COP of 0.66 and 

3.64, respectively. 

Bermejo et al. (2010) presented the performance results of a solar/gas absorption cooling 

plant installed at the Engineering School of Seville, Spain. The system consists of a double effect 

LiBr/H2O absorption chiller of 174 kW nominal capacity, powered by a 352 m
2
 of linear 

concentrating Fresnel collector and a direct fired natural-gas burner. The daily average collector 

efficiency was 0.35, the daily average COP of the chiller was 1.1 ‒ 1.25 for a daily average 

cooling power of 135 kW, solar fraction of the required generator heat was 0.75 and the solar 

cooling ratio was 0.44.  

Thür et al. (2010) reported the performance results of four different small capacity solar 

based systems using the methodology of IEA-SHC task 38. The systems monitored were a 10 kW 

absorption chiller in an office building in Garching, Germany, a 10 kW absorption chiller in a 

school building in Butzbach, Germany, a 5.5 kW adsorption chiller for a canteen in Freiburg, 

Germany, and a 7.5 kW adsorption chiller in a laboratory building in Perpignan, France. Thermal 

and electrical COPs were found to be in the ranges of 0.3-0.7 and 4-8, respectively. Primary 

energy savings were in the range of 30 to 60 %. 

Various simulation studies based on computational models of solar cooling systems have 

also been extensively used to estimate the system performances in order to optimize the system 

configuration and sizing of the individual components. Florides et al. (2002) presented modeling 

and simulation of a solar absorption cooling system in TRNSYS for weather conditions of Nicosia, 

Cyprus. The optimized system consists of a 15 m
2
 compound parabolic collector tilted at 30

o
 and 

600 liters of a hot-water storage tank. Results based on yearly basis out of 84240 MJ of energy 

required for cooling and hot-water production, 41263 MJ are provided by the solar energy, thus 

the value of solar fraction is 49 %.  

Assilzadeh et al. (2005) modeled and simulated the absorption cooling system in TRNSYS 

for a typical meteorological year file containing the weather parameters of Malaysia. The results 

showed for a cooling demand of 3.5 kW, evacuated tube collectors of 35 m
2
 sloped at 20

o
, and 0.8 

m
3
 of hot storage tank is necessary.  

Vidal et al. (2009) developed a computational model of a single effect absorption 

refrigeration system assisted by solar energy and natural gas in TRNSYS. The operation of the 

system was simulated on hourly basis based on the yearly meteorological data for the city of 

Santiago. The results of the parametric optimization indicated the requirement of 110 m
2
 of flat 
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plate collector area inclined at 33
o 
and 7 m

3
 of storage tank to fulfill the demand of a dwelling of 

149 m
2
, which corresponds to an annually average solar fraction of 70 %. 

Fong et al. (2010) did a comparative study of five types of solar cooling systems energized 

by different types of solar collectors, by developing simulation models in TRNSYS and evaluated 

their performance throughout a year. For a typical meteorological year of Hong Kong, the overall 

year round performance of different cooling systems has shown that solar electric compression 

refrigeration and solar absorption refrigeration results in attractive energy savings (8 to 48.3 %) as 

compared to conventional electric driven air or water cooled vapor compression chiller plants. 

Evacuated tube collectors are found to give the best year-round solar fraction, while parabolic 

concentrators didn’t appear promising for the cooling application. 

     

2.2 System Description and Instrumentation 

Fig. 2.1 shows the schematic diagram of the installed solar based cooling and heating 

system along with the sensor positions.  
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Figure 2.1: Schematic diagram of the solar heating and cooling system 
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2.2.1 System Components 

The way of operation and details of the main components of the system are explained 

below: 

   The solar collector field having total gross and aperture areas of 348 and 244 m
2 
respectively 

is employed as the heat source to deliver heated fluid at a temperature range of 80-90 
o
C. It 

comprises 20 arrays, each array contains 4 collectors, and each collector consists of 30 vacuum 

tubes connected in parallel in a reverse return arrangement to a dual manifold system for 

achieving a better hydraulic performance and lower pressure drop in the circuit. The hydraulic 

connection scheme of one array is shown in Fig. 2.2. Each vacuum tube contains a flat absorber 

sheet of 0.1 m
2
 area coated with a selective surface (TiNOX) on a copper substrate and welded to 

the coaxial copper piping for fluid flow. The cross-sectional view of the solar collector and 

normal fluid flow scheme through the collector piping is shown in a simplified form in Fig. 2.3. 

The vacuum tubes are placed horizontally, and the tube’s axis is oriented east-west. The flat 

absorbers inside the tubular glass covers are sloped at an angle of 30
o
, while facing south. Tyfocor 

LS (mixture of water and propylene glycol) is used as a working fluid in the collector to storage 

tank loop, storage tank to generator loop, and storage tank to space heating loop.  

 

Figure 2.2:  Hydraulic connection of a collector array with 4 collectors 

Inflow

1 30 31 60

1 30 31 60

Outflow



Investigation of Hydraulic and Thermal Performance of Solar Collectors Used for Solar Cooling 

 

   25 

 

 

Figure 2.3: X-sectional view of vacuum tube solar collector and normal flow scheme through the concentric 

tubing. 

    A hot storage is necessary to prevent the cycling of the absorption machine due to the 

variation of the solar radiation intensity. The heat absorbed in the collector field is 

transported via a variable-speed pump to two storage tanks (ST1 and ST2) having a storage 

capacity of 800 liters each.  

 

    Two single-stage lithium bromide absorption chillers (Model: Yazaki WFC-10) each 

having a rated capacity of 35 kW are installed; the driving temperature of the chillers (AC1 

and AC2) is 80
o
C.   

 

    A cooling tower is installed to remove the heat from condenser and absorber and to 

dissipate it to the environment.  

 

   The cold distribution network (CD) is actually consisted of gravity cooling system, which is 

integrated in the walls of the rooms. The cold distribution connected to the absorption 

chillers has no cold storage or backup cooling source for the chilled water circuit. 

 

    Auxiliary heating is provided from a district heating source with a heating power of 130 

kW. Whenever the heat derived from the solar collector field is not enough to meet the space 

heating and cooling requirements, the auxiliary heat source is turned on to provide total or 

part of heat energy to fulfill the required demand.   

 

    All the connected piping between system components is made of copper or steel, which is 

insulated with mineral wool. The insulation is covered with an aluminium layer to protect it. 

2.2.2 Instrumentation 

To assess the system performance, a data-acquisition system was installed to measure the 

operational parameters of the system. The instrumentation consists of a pyranometer, temperature 

sensors, flow meters, and heat meters to measure the solar radiation, working fluid temperature, 

flow rates, and heat fluxes of different components of the system (see Fig. 2.1). The data were 

measured continuously and recorded on a minute interval basis.  
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The thermal loads are determined with the help of the measured flow rate and the inlet-

outlet temperature difference across each of these components. Heat meters of the type CALEC 

MB were used for this purpose. The uncertainty of the temperature and flow measurement was 

±0.1 K and ±0.25 %, respectively. The measured energy flows include specific global irradiance 

on horizontal plane, thermal output of solar collectors, district heat output (auxiliary energy flux), 

space heating consumption, heat rejection in the cooling tower, heat consumption of the generator, 

and the cooling capacity of the evaporators of the absorption chiller.  

The total electricity consumption was measured for the installed pumps operating in the collector 

to storage tank loop, storage tank to generator loop, storage tank to space heating loop, absorption 

machine to cold distribution, and for absorption machine to cooling tower loop. The electricity 

consumption for the fan of the cooling tower was not measured. 

All measured data is visualized on a PC-monitor with the help of software INTOUCH, 

which generates daily data files based on 1-minute time interval (Albers and Römmling, 2004). 

2.3 Monitoring Procedure 

The monitoring procedure of IEA-SHC Task 38 (Sparber et al. 2008) is a three-step  

strategy leading to the evaluation of various performance parameters of a solar heating and 

cooling system (SHC) which mainly includes primary energy ratio and cost, collector efficiency, 

storage efficiency, fraction of primary energy-saving,  etc. A spread sheet has been developed 

where all the required data for every month can be inserted and which in turn calculates the 

various performance factors on the monthly and yearly basis. The monitoring outline of a SHC 

system for a generalized system configuration as given by IEA-SHC is illustrated in Fig. 2.4. 
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Figure 2.4: General monitoring strategy for a solar heating and cooling systems (Sparber et al. 2008) 

Fig. 2.4 shows all the possible energy flows in a SHC system, including the solar collector 

loop, back up heat source, domestic hot-water  supply (DHW), space heating (SH), 

absorption/adsorption cooling machine (ACM), cooling tower, back up cold supply, and desiccant 

evaporative cooling (DEC). Installed systems usually consist of much fewer components; 

therefore, Fig. 2.4 has to be modified according to the system under investigation. The considered 

system in this study (see Fig. 2.1) does not involve desiccant-evaporative cooling (DEC), cold 

storage, back up cold source based on compression chiller, and domestic hot-water supply (DHW). 

Fig. 2.5 shows the modified monitoring scheme with respect to the investigated system. Heat to 

the storage tank is fed only by the collector field and the backup heat source is used directly to 

provide deficient heat to the generator. Although a connection is also provided for space heating 

(SH) during winter season, but space heating is not the primary task of this SHC system. Only 

when there is enough heat available from the solar collector (Q1) for space heating, it can be 

utilized for space heating purpose during winter season.  
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Figure 2.5: Modified monitoring scheme of the system under investigation 

Various key performance terms have been described in IEA-SHC Task 38 with reference to 

the general monitoring scheme. In the following, selected performance indicators or their 

modified equivalent definitions according to the investigated system are presented (Fig. 2.5). 

2.3.1 Thermal and Total Electrical COP 

The coefficient of performance (COP) is a key performance factor to rate the chiller cooling 

systems. For an absorption refrigeration cycle, thermal COP is defined as the ratio of the total 

cooling supply of the chiller Q10, to the heat input to the generator Q6:  

      
   

  
 

2.1 

The electrical COP is defined as the ratio of useful energy for heating and/or cooling to the 

electrical consumption of all the electrical appliances for heating and/or cooling excluding the 

electrical consumption of pumps and fans which are used to distribute heat and/or cold in the 

building. For the investigated scheme, these are expressed as:  

           
   

           
 2.2a 

           
  

           
 2.2b 

Where Etotal,cold = E1+E3+E7+E9+E11+E14, and Etotal,heat = E1+E4 
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2.3.2 Solar Energy Source Management 

This section provides information regarding the exploited solar potential of the system. The 

collector efficiency based on the amount of solar energy Qsol which is used for the process Q1 is 

defined as: 

      
  

    
 2.3 

The solar fraction SF also is a commonly used performance indicator which represents the solar 

energy contribution to the total energy required for the SHC system: 

   
  

     
 2.4 

The solar heat management efficiency, which represents the solar fraction of the useful heating 

demand of the SHC system, is given as: 

            
        

    
 2.5 

2.3.3 Primary Energy Saving  

Primary energy savings of a general SHC system of Fig. 2.4 is given as: 

           

 
 
 
        

     
 

   
     

 
              

         
           

         
 
         
     

 
            

             
 
 
 

 2.6 

where Qcooling,suppl is the amount of cold provided by a refrigerator to compensate the insufficient 

cold supply of the SHC system and SPF is the compressor chiller efficiency. Primary energy 

conversion factors for heat and electricity from fossil fuels and SPFref are given as (Sparber et al. 

2008): 

εelec = 0.4 (kWh of electricity per kWh of fossil primary energy) 

εheat = 0.85 (kWh useful heat per kWh of fossil primary energy) 

SPFref = 2.8 

εheat in the case of district heat produced by simple boilers, is the product of the boiler efficiency 

and the efficiency of the distribution network. In the project which is investigated here, this heat is 

produced by cogeneration. However, for the sake of being more general we stick to the boiler 

efficiency. 

The term in brackets in Eq. (2.6) represents the ratio of total primary energy consumption 

of all the auxiliary devices in a SHC system to the total primary energy consumption of a 

reference or conventional system to meet the same heating and/or cooling load. Qboiler,ref  is the 
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heat from the boiler for space heating (SH) and Qcooling,ref  is the energy for cold provided by a 

conventional vapor compression refrigeration system. As no backup refrigerator has been 

provided in the investigated system, supplementary cooling for the investigated system is not 

relevant. Fig. 2.6 shows the reference system which is designed by skipping all the solar assisted 

equipment of Fig. 2.5. 

 

Figure 2.6: Schematics of the reference system 

The electricity consumption of the pumps for space heating (E4) and cold distribution (E9) 

are equivalent in the SHC-system and reference system and therefore, not taken into account to 

calculate fsav,shc. Electrical energy requirement of compression chiller excluding compressor (E12), 

heat rejection unit and pump (E13 and E15) are not known. Therefore, as a simplification, electrical 

consumptions E12, E13 and E15 of the reference system are assumed to be same as E11, E7 and E14, 

of the SHC system. So the primary energy savings of the investigated SHC system of Fig. 2.5 

with respect to the reference system of Fig. 2.6 is calculated as: 

           

 
 
 
        

     
 
     
     

           

         
 

            

             
 
 
 

 2.7 

It has to be noted that by eliminating or not accounting for the mentioned electricity consumption 

terms the relative difference between the systems is exaggerated.  

2.4 Results  

The system performance was evaluated on a monthly basis. Based on the gathered data, 

results are presented for various summer months from year 2007 to 2009. Fig. 2.7 shows the 

monthly sum of solar radiation Qsol, solar collector output Q1, heat from auxiliary heating source 

Q2, total heat consumed for space heating and generator of absorption chiller (Q3 + Q6), useful 

energy for space heating and cooling (Q3 and Q10), and total parasitic electricity consumption 

(Eelec-total). The missing months (e.g.  Jul-07, Sep-07, Apr-08, etc.) were those in which other 

experiments were being performed on the collector field during night time. Auxiliary heater (Q2) 
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and collector pump (E1) were in operation during those times, which exaggerated the monthly 

measurement data. Also, for some months, there were unknown discrepancies found in the 

measurement data which was not suitable for performance evaluation. The estimated average 

uncertainty of the measured thermal energies is in the range of ± 2 - 6%. All the performance 

figures will be explained by referring to Fig. 2.7 repeatedly. It is to be noted that for most of the 

considered months demand for space heating (Q3) is either zero or negligibly small as compared 

to cooling demand, except for the months of May and Jun-09. 

 

 

Figure 2.7: Monthly sum of energy transferred for different months of year 2007-2009 

Figs. 2.8 and 2.9 show the COPth and COPel,cold of the system for the considered months. 

COPth is in the range of 0.46 to 0.78 which is in the expected range. As the electricity 

consumption of the cooling tower’s fan is not measured (E14, see Fig. 2.5), a comparison is made 

by not accounting it for the COPel,cold calculation and by assuming it to be 5 and 10 % of the 

measured total rejected heat of the condenser and absorber Qrej. It can be seen in Fig. 2.9 that 

electricity consumption of fan has a significant effect on COPel,cold. The system has lower values 

of COPel,cold for the months (Sep-08, May to Sep-09) in which the monthly cooling and/or  heating 

demand is very low and the available solar energy is still high enough for the collector pump (E1) 

to operate for longer periods (see Fig. 2.7). The most important observation is the fact that the 

electrical COP is, in average, not larger than that of a good compression chiller. This means that 

the overall performance is really bad and the solar cooling system is not saving energy (See Fig. 

2.12). The reasons will be discussed in the following. 
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Figure 2.8: COPth of the system 

 

Figure 2.9: COPel,cold of the system 

  Fig. 2.10 shows the monthly collector efficiency ηcoll of the collector field and the solar 

heat management efficiency ηheat,solar, which includes the periods with zero to low to high 

radiation intensities and varying inlet fluid temperatures during the whole month. It can be seen 

that the ηcoll is in the range of 13 to 22 %. This is really low as compared to the monthly or daily 

efficiencies reported by other authors, which are always at least more than 30 % (Al-Karaghouli 

et al. 1991; Meza et al. 1998; Ali et al. 2008). This low collector efficiency then results in even 

lower solar heat management efficiency ηheat,solar. 
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Figure 2.10: Monthly collector efficiency (ηcoll) and solar heat management efficiency (ηheat,solar) 

Fig. 2.11 shows the solar fraction SF for the considered months, which varies from as low 

as 47 % for Jun-07 to as high as 100 % for May-09 corresponding to highest and lowest 

contribution of the auxiliary heater for fulfilling the required cooling and heating demand, 

respectively (see Fig. 2.7). 

 

Figure 2.11: Solar fraction 

Finally, the primary energy savings of the investigated system fsav,shc with respect to a 

reference non-solar based system is presented in Fig. 2.12. It can be seen that fsav,shc is negative for 

most of the months, which means that this special SHC system based on the absorption 

refrigeration cycle consumes more primary energy than the equivalent non-solar compression 

chiller system. 
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Figure 2.12: Primary energy savings of the solar heating and cooling system 

In year 2009, the monthly space heating and/or cooling load is very low and is furnished 

mostly by the collector field (see Fig. 2.7), hence resulting in even some energy saving. The 

negative values of fsav,shc (surplus primary energy demand) are especially large for the months of 

year 2007 and 2008. The following factors were found to be the main causes of negative values of 

fsav,shc: 

 Low collector efficiency (ηcoll) 

 Mismatch between the available solar heat (Qsol) and required heating or cooling 

demand 

 System’s operation during nights 

More detailed analysis based on daily energy flows would be helpful in order to quantify the 

effects of each of the above-mentioned factors.  

One of the major performance degradation factors of the SHC system is the low collector 

efficiency ηcoll. Vacuum deterioration of the solar collector vacuum tubes and the uneven flow 

distribution through the collector are found to be the major causes of the reduced collector 

performance. The next chapters will illustrate these factors in detail. 

For assessing the monthly collector efficiency based on the performance equation given by 

the manufacturer, simulations were performed in TRNSYS (Buchholz et al. 2010) and the 

collector efficiency ηcoll was estimated to be approximately 40 % (including the collector loop 

losses). A sensitivity analysis was carried out by assuming higher values of ηcoll for the same 

heating and/or cooling demand for the considered months and the resultant fsav,shc are calculated. 

The calculations are performed for ηcoll of 30 and 50 % and the corresponding decrease in boiler 

heat Q2 is taken into account. 
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Figure 2.13: Primary energy savings of the solar heating and cooling system for monthly collector 

efficiency of 30 and 50% 

As displayed in Fig. 2.13, ηcoll of 30 and 50% results in better values of fsav,shc for all the 

months. Fig. 2.13 also shows no further increase in the energy saving by increasing collector 

efficiency from 30 to 50 % for the months of Apr, Jun-07, Sep-08, and all the months of year 

2009. For all these months, due to the lower Q10 to Qsol ratio, the generator heating demand of the 

SHC system is fully furnished by the solar collector at ηcoll of 30 %. So, not only the collector 

itself but also system design and operation of the system has an important influence on the 

savings.  

It has to be mentioned that in the present system the auxiliary heat is actually provided by a 

cogeneration plant which would result in higher values of primary energy savings than presented 

in this analysis. 

2.5 Conclusion 

Realistic performance figures based on the on-field measurement data have been 

demonstrated for a practical solar heating and cooling system. The proposed performance 

evaluation methodology lays down a common base for comparing and optimizing different 

system configurations. A varying trend of all performance indicators was evident referring to 

varying nature of climatic conditions and loading demands. The monthly efficiency of the 

collector array and the solar fraction of the total heating demand are found to be on the lower side. 

The COPelec,total is also in a lower range due to the higher energy consumption of electrical 

equipment. The monthly collector efficiency should be at least 30 % to attain better primary 

energy savings as compared to the conventional non-solar based system. Collector performance 

and the system control schemes need to be improved to achieve satisfactory performance values. 
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Chapter 3 : Evaluation of Overall Heat Loss Coefficient of 
Vacuum Tube Solar Collectors 

The quality of the vacuum is decisive for the effective suppression of the heat transfer 

inside the vacuum tube solar collectors. The gas pressure inside the glass cover must be reduced 

to considerably below the atmospheric pressure in order to achieve a significant reduction of the 

overall heat loss coefficient (U-value) of the collector. Typical inside pressures are around 10
-5

 

mb, which effectively eliminates the gas convection and conduction heat loss. Vacuum durability 

becomes an important issue for collectors operating under such ambitious vacuum conditions.  

Experience shows that the vacuum deteriorates over the operational life of the vacuum tube solar 

collectors due to the long operation at high temperatures or due to extended periods of stagnation. 

The presence of non-uniform residual gas pressure and the resulting significant contribution of the 

gas convection to the heat loss to ambient decreases the thermal efficiency of collector.  

This chapter aims on developing an experimental procedure to evaluate the thermal 

behavior of the individual vacuum tubes of a solar collector and to predict numerically the 

presence of a certain gas at some arbitrary pressure due to vacuum leakage/deterioration. 

3.1 Literature Review 

Previously, Window and Harding (1984) have reviewed the material problems in evacuated 

collectors and found that despite the use of efficient sealing techniques, gas pressure inside the 

glass envelope can still increase during the lifetime of the collector as a result of joint leakage, 

desorption from the hot selective layer, degassing from the glass cover, and diffusion from the 

atmosphere. The increase is strongly temperature dependent.  

Harding and Window (1981) investigated the thermal conduction in an evacuated 

concentric glass tubular solar collector. They used a technique where the total heat flux is 

measured between the absorber and glass envelope as a function of absorber temperature. Then 

the envelope seal was broken, and the gases inside the glass were evacuated to measure the 

radiant heat flux only. In their experiment, the absorber was heated electrically, and the power 

needed to maintain the absorber temperature at a certain level corresponded to the heat loss of the 

collector. The difference between radiant and total heat flux gives gas heat conduction. The type 

of gases evolved, were investigated with the help of mass spectrometry. For an absorber 

temperature in the range of 100-300 
o
C for a vacuum tube with a barium-aluminium getter, the 

gases comprised of carbon monoxide, argon and gases with mass number around 16 were 

detected. 
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Harding and Moon (1982) have described evacuation and degassing processes for all glass 

tubular evacuated tube solar collectors and then the deterioration of the vacuum in each collector 

was observed after aging. A small quantity of helium was detected due to diffusion from 

atmosphere, but negligible deterioration of the radiative properties of the selective surface was 

observed.  

Adrados and Segovia (1987) studied the various types of gases adsorbed within an 

evacuated solar collector with the help of a mass spectrometer. The collector consists of a glass 

envelope having a mild steel absorber tube. After several working cycles at temperature of 420 K, 

the desorbed gases mainly consisted of nitrogen, water vapor, hydrogen, oxygen, and carbon 

monoxide. 

Beikircher et al. (1995) have studied the heat losses by gas conduction of an evacuated flat-

plate solar collector for known quantities of air and argon, using a similar technique as described 

by Harding and Window (1981). They also derived a formula for the pressure dependency of the 

thermal conductivity of gas covering the entire pressure range, and then validated experimentally 

for air and argon.   

A similar investigation was carried out for an evacuated plate-in-tube solar collector by 

Beikircher et al., (1996), where the pressure dependency of thermal losses was measured for 

pressures ranging from10
-2

 to 10
4
 Pa. It was found that at 10

-3
 mb the gas conductive losses are 

suppressed totally.  

Watanabe (2001) analyzed experimentally the degassing rate of hydrogen from pure copper, 

chromium-copper alloy, and stainless steel into a vacuum chamber. It was found that vacuum cast 

pure copper can attain a degassing rate of 10
-12 

Pa m
3
/s after 100 

o
C bakeout. The rate increases 

when the bakeout temperature exceeds about 250 
o
C.  

In the present work, an experimental strategy is devised to find the overall heat loss 

coefficient (U-value) of an individual vacuum collector tube in the laboratory. The procedure is 

simple and does not require the aid of a sophisticated measurement apparatus like vacuum 

diffusion pump, mass spectrometer, or gas analyzer. A number of vacuum collector tubes are 

selected randomly and taken out of a collector array which is used for a solar cooling system. The 

collectors have been in operation for 6-8 years. The purpose of the experiments is to estimate the 

overall heat loss coefficient for every vacuum tube to observe whether each tube has the same 

thermal behavior and the vacuum inside of the tubes is still intact. The proposed method, due to 

its simplicity, can be employed at any time during the operational life of vacuum tube collectors 

in the field. Moreover, the unknown gas pressure inside the glass envelope is predicted using a 

numerical model of the collector tubes. 

3.2 Collector Specification and Experimental Setup 

A pictorial view of the vacuum tube collector for the study is shown in Fig. 3.1. The 

specifications and typical values of all the relevant parameters and constants used in this study are 

mentioned in Table 3.1.  
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Figure 3.1: View of the investigated collector tube 

Table 3.1: Values of geometrical parameters and constants used for the evaluation of U-value. 

Description  Specification 

Outside diameter of glass cover (mm) 65 

Inside diameter of glass cover (mm) 62 

Length of glass cover and absorber sheet (mm) 1700 

Width of absorber (mm) 60 

Outside diameter of  pipe (mm) 12 

Inside diameter of  pipe (mm) 10.4 

Thickness of absorber sheet (mm) 0.2 

Emissivity of glass (-) 0.88
a
 

Emissivity of surface coating (Cu/TiNoX) (-) 0.05
 a
 

Emissivity of copper (-) 0.03
 a
 

Thermal capacitance of water inside copper pipe (J/K) 593 J/K ± 11 J/K 

Thermal capacitance of copper (pipe and absorber ) (J/K) 252 J/K ± 20 J/K 

a
 infrared range   

A transient method was used. The basic idea is to monitor the cooling down of the tube in a 

controlled surrounding, and by this determine the thermal losses. Before the start of the 

experiment, hot water was made to flow in and out continuously through the inner and outer 

absorber pipe of the vacuum tube for a certain time (see Fig. 3.2b), so that the whole length of the 

absorber reaches a uniform initial temperature. The inner absorber pipe then was taken out and the 

outer absorber pipe of the vacuum tube was refilled with hot water. The vacuum tube was placed 

horizontally and allowed to cool down in the laboratory environment as shown in Fig 3.2a. 

Temperature readings (PT100) at two positions in the fluid and the ambient were recorded for 

every second and then evaluated to find the overall heat loss coefficient Ui of the collector tube. 

The uncertainty of the temperature measurement was ± 0.1 K.  
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Figure 3.2: The experimental setup. a) Schematic representation of the experimental apparatus. b) 

Illustration of fluid flow scheme through the coaxial piping during pre-conditioning. 

Evolution of fluid and ambient temperatures over time for three different vacuum tubes 

(tube-1, 12, and 14) are also shown in Fig. 3.3. It can be seen that the decrease in fluid 

temperature for the three tubes over the same time period is significantly different, which 

corresponds to different amount of heat loss of the vacuum tubes to ambient.  Tube-14 has no 

vacuum and there is air at atmospheric pressure inside the glass envelope. Hence, the fluid 

temperature Tf in tube-14 decreases more rapidly as compared to tubes 1 and 12 with unknown 

gas pressure.  
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Figure 3.3: Evolution of fluid and ambient temperatures over time for three vacuum tubes 

In order to estimate the heat loss of the fluid, the following assumptions are made: 

 Absorber sheet and fluid in the pipe are cooled down at the same rate 

 Mass and thermal effects of the temperature sensors and their wires inserted inside the 

fluid are neglected 

 The uncertainties of the geometrical parameters are neglected 

Heat loss of the fluid Qloss at a particular instance is defined as: 

            
                             

  
 3.1 

where Tf_ti and Tf_tf are the fluid temperatures at time ti and tf with an interval of Δt (sec), (mcp)w 

and is the thermal capacitance of the water, and (mcp)cu is the thermal capacitance of the pipe and 

flat absorber sheet made of copper. 

The overall heat loss coefficient (U-value) of the collector tube is: 

   
       

                  
 3.2 

where Aab is the absorber area and Ta_t,i is the ambient temperature at time instant ti. Basically, this 

loss coefficient is temperature and therefore, in the present experiment, time–dependent. However, 

the dependency is only weak (see Fig. 3.4). A series of experiments was conducted for the 

selected tubes and repeated several times to verify the results for various setup conditions.  

The measurement uncertainty of the heat loss Qloss, i and U-value is evaluated at each 

measurement point ti based on the precision of each constituent which is used to calculate Qloss, i 

and Ui (Eqs. (3.1) and (3.2)). The variance in Qloss,i, for instance, at an instant ti is calculated as: 

20

30

40

50

60

70

80

90

100

0 500 1000 1500 2000 2500 3000

T
f

a
n

d
 T

a
(o

C
)

t (sec)

Tf forTube-1

Tf forTube-12

Tf forTube-14

Ta for Tubes-12 and 14 Ta for Tube-1



Investigation of Hydraulic and Thermal Performance of Solar Collectors Used for Solar Cooling 

 

   41 

 

 

        

   
        

       

 

 

       

   
        

        

 

 

        

 

  
        

              
 

 

              
  

3.3 

where σ-terms on the right hand side of the Eq. (3.3) are the standard deviations of each of the 

constituent measurements and the terms in the square brackets in the form of partial derivatives 

are known as the influence coefficients. 

Similarly, the variance in Ui at the same instant ti is calculated as: 

   

   
   

        
 

 

        

   
   

                
 

 

                
  3.4 

3.3 Experimental Results 

The whole cooling down procedure takes several hours. Therefore a time interval Δt of 1 

minute is used as resolution. The resulting temperature dependent U-value is plotted for 14 

different collector tubes against the mean fluid and ambient temperature difference (Tf –Ta) in Fig. 

3.4. The ambient temperature during all experiments was in the range of 21-25 
o
C. One of the 

tested tubes (tube-14) was filled with air at atmospheric pressure. Tubes 4 to 13 were taken out 

from the installed collector field. Tubes-1, 2 and 3 were never in operation. In any case, the loss 

coefficient rises slightly with temperature, as expected due to increasing convection and radiation. 
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Figure 3.4: Experimentally obtained U-values versus fluid temperature at Tamb = (21-25) 
o
C 

The error margin of the experimentally obtained U-value is estimated based on the 

uncertainty range of temperature measurements and thermal capacitance of the absorber material 

and water (See details in Appendix-A, Fig. A-1).  

It is seen from Fig. 3.4 that the tested tubes show a range of variation of overall heat loss 

coefficients. Tube-14 having atmospheric air inside the glass envelope of-course shows the largest 

value of heat loss coefficient. Tubes 1, 2 and 3 have the lowest heat loss coefficient varying 

between 0.8 and 1.3 W/m
2
 K. All the tubes from the collector field fall into the range of 2 to 4 

W/m
2
 K. Except for tube-1, no getter material was used in the vacuum tubes. Assuming negligible 

degradation of radiation properties (emissivity etc.) of the collector materials (Harding and Moon, 

1982), it can be concluded that the vacuum is deteriorated in these cases (i.e. Tubes 4-13) and 

there is an individual, non-zero gas pressure inside the glass envelope of the tubes, which has 

given rise to such a variation of U-values for the individual tubes. It can be noted that the loss 

coefficient either is almost constant or it rises almost linearly with the temperature difference. 

Later, experiments were also conducted with 30 more vacuum tubes selected from the same 

collector field. The linear approximations of the resulting U-value curves are presented here as 

shown in Fig. 3.5. All of the tubes also lie in the same range of 2 to 4 W/m
2
 K as in Fig. 3.4. 
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Figure 3.5: Experimentally obtained U-values versus fluid-ambient temp. difference (Tf -Ta) for 30 different 

vacuum tubes selected from installed collector field 

3.4 Theoretical Model  

A theoretical model based on an iterative procedure is used (Duffie and Beckman, 2006) to 

estimate the U-value of a vacuum collector tube for a fluid at rest in the tube. The model assumes 

a quasi-steady state condition in each collector component. For calculating the overall heat loss 

coefficient from the absorber to ambient, we have to face a non-symmetric situation because the 

emissivities of the surface coating of the absorber plate (top face) and the polished copper (bottom 

face) are different (see Table 3.1), which results in different amounts of radiation heat loss for 

upper and lower halves within the glass cover (hr-t-pg ≠ hr-b-pg). Therefore, different values of upper 

and lower half of the glass cover temperatures Tg-t/b will be obtained. The difference in emissivities 

is large (0.05 and 0.03) but as both emissivities are small, the difference in glass cover 

temperatures of both halves is also small.  Second, remaining gases in the space above the 

absorber are heated from below which can lead to free convection. Gases below the absorber are 

heated from above and consequently, only conduction occurs. Therefore, the vacuum tube is 

divided into two parts and the heat loss coefficient for the top and bottom side of the absorber 

plate is calculated separately as described in Fig. 3.6.  

The top and bottom heat losses from the absorber each have to flow through the gas to the 

glass and from the glass to the ambient. The heat resistance of the glass itself is negligible. We 

account for radiation (index r) separately from conduction and convection (index c). As a 

simplification we assume that air temperature and radiation temperature is equal to Ta on both 

sides, whereas the temperatures of the two halves of the glass cover differ from each other. 
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Figure 3.6: Geometrical simplification for the calculation of overall heat transfer coefficient 

Top and bottom heat loss coefficients for the gas inside the glass envelope of the collector are 

given as: 

     
 

                     
  

                      
   3.5 

Here and in the following equations throughout the rest of the thesis a slash in the indices such as 

Ut/b denotes the alternative use of the equation for the top (t) and bottom (b) part. 

The overall heat loss coefficient then results by simply adding: U = Ut + Ub    3.6 

It is to be noted that the heat loss coefficients within the glass envelope, i.e from top of 

absorber plate to top half portion of glass refer to absorber area Aab. On the other hand, the heat 

loss coefficients (hr-b-pg, hc-b-pg) from lower half of the absorber plate refer to absorber plus pipe 

area (Aab + Aout), and the heat loss coefficients from the glass envelope to ambient (hr-t/b-ga, hc-t/b-ga) 

refer to half the glass cover area Ag, which is different from absorber area Aab. These differences 

of areas have to be accounted for to define the overall heat loss coefficient of the vacuum tube 

with respect to the absorber area Aab (Eq. (3.5)). Therefore, a non-dimensional correction factor Y 

is defined here to compensate the area difference from the absorber plate. It is defined as the ratio 

of actual heat transfer area of any surface A to the absorber area Aab. It is given as: 

Y= A/Aab 3.7 

3.4.1 Radiation Heat Transfer 

The radiation heat transfer coefficient from the absorber plate to the upper and bottom 

portion of glass cover is in good approximation according to Duffie and Beckman (2006):  
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3.9 

where hr-t/b-pg is the radiative heat transfer coefficient for the top and bottom part with reference to 

absorber area and Yr-b-pg is the area correction factor to account for the area of the bottom of the 

absorber plate including the pipe. The view factor from absorber plate to glass cover Fp-g is 

assumed to be one for the case of flat surface completely surrounded by a curved surface.  

The radiation heat transfer coefficient from the upper and bottom portion of glass cover to 

the ambient is: 

                                
    

                  3.10 

where hr-t/b-ga is the radiative heat transfer coefficient for the top and bottom part with reference to 

absorber area and Yr-t/b-ga is the area correction factor to account for the area of glass cover. 

3.4.2 Convective Heat Transfer 

As the tubes were tested in the laboratory without air circulation, the heat transfer from the 

glass cover to ambient as well as inside the glass is mainly due to natural convection or 

conduction in the lower part. So far, there is no theory available for free convection of gas from a 

hot flat plate placed in a cylinder. Free convection heat transfer inside a plate-in-tube collector is 

evaluated using known correlations for regular shapes along with a fitting parameter. 

For calculating the convective heat transfer coefficients within and outside the glass 

envelope, the upper and lower half circular portions of the glass cover are approximated as 

rectangles as shown in Fig. 3.7. The length of the horizontal faces is taken as the diameter of the 

glass cover. The height of the vertical faces Lt and Lb is calculated by setting the cross-sectional 

area of the top and bottom semi-circular portions equal to the cross-sectional area of the 

respective rectangles. Lt is a bit smaller than Lb because the absorber plate is not at the center of 

the glass cover (instead the absorber pipe is at the center). 
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Figure 3.7: Geometrical simplification for calculation of the convective heat transfer coefficients inside and 

outside of the glass 

The convective heat transfer coefficient within the glass envelope for the upper half portion 

(hc-t-pg) is defined as:  

         
    
  

  3.11 

The Nusselt number for a rectangular enclosure is given by Hollands et. al (1976). This 

number was multiplied by a factor of 2.2 which was used as a fitting parameter originating from 

the experiments described in section 3.5, in order to accommodate the effects of the circular 

geometry of the glass envelope: 

                
                

       
    

    

       
 
 

   
       

    
 
 
    

 

  

3.12 

The + exponent means that only positive values of the terms in the brackets are to be used. Here, 

Ra is the Rayleigh Number (see Eq. (3.21)) and β is the slope of the collector.  

For the case of pure conduction in the lower portion of the glass envelope below the 

absorber, the heat transfer coefficient is simply given as: 

                 
  

  
  3.13 
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where Yc-b-pg is the area correction factor to account for the heat transfer area of the bottom of the 

absorber plate including the pipe and it is same as Yr-b-pg (Eq. (3.9)). 

Convective heat transfer coefficients from glass to ambient are given as the sum of those on 

the vertical and horizontal parts. By using the relevant correlation for Nusselt Numbers and 

characteristic length of heat transfer, the total convective heat transfer coefficient from the top and 

bottom portion of glass cover to ambient is given as: 

hc-t/b-ga = (Yt/b-h) hc-t/b-h + 2(Yt/b-v) hc-t/b-v 3.14 

Yt/b-h ,Yt/b-v are the area correction factors for the respective faces. The respective Nusselt number 

correlations used in Eq. (3.14) are the standard heat transfer correlations (VDI, 2006) for free 

convection of gas over flat horizontal and/or vertical plate: 

For horizontal plate, heated surface facing up: 

                   
                           

                  
                           

3.15 

where; 

           
     

  
 
     

 
      

and Pr = Prandtl No. 
3.16 

For horizontal plate, heated surface facing down: 

                 
                              3.17 

where; 

           
     

  
 
    

 

     

 
3.18 

For vertical plate: 

   

 
 
 
 
 

      
          

    
     
  

 
    

 
    

 
 
 
 
 
 

 
3.19 

3.4.3 Overall Heat transfer 

Under steady-state conditions, the heat transfer from the absorber plate to the glass cover is 

the same as the energy lost from the glass cover to the ambient. The temperature of the upper and 

lower portion of the glass cover can be expressed in terms of the temperature of absorber plate Tpm 

as: 
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 3.20 

Ut/b can be determined by Eq. (3.5). However, all the heat-transfer coefficients in Eq. (3.5) are 

dependent on Tpm, Tg-t/b and Ta.  It was mentioned in Section 3.2 that during the pre-conditioning 

period, hot water was flown through the collector pipe to achieve a certain uniform initial high 

temperature of the absorber plate and pipe. Therefore, for negligible thermal resistance of the 

bond between the absorber pipe and plate, it is reasonable to assume Tpm to be equal to Tf during 

slow cooling down of the tube. Ta is known at a particular instant; Tg-t/b is initially assumed and 

iterated with Eq. (3.20) until convergence. 

3.4.4 Onset and Suppression of Convection and Conduction 

The unknown gas pressure inside the collector tubes can lie in the continuum or non-

continuum region of heat transfer, therefore the whole range of heat transport in gases has to be 

regarded in the model. The commencement of convection from the absorber to the upper portion 

of the glass cover hc-t-pg takes place if the Rayleigh number exceeds a certain critical value of 

1700. It is given by: 

   
       

       

    
   

 3.21 

where g is the gravitational constant (m/s
2
), p is the gas pressure (Pa), Cp is the specific heat of 

gas (J/kg K), Lt is the characteristic length of heat transfer between plate and glass (m), M is the 

molar mass of the gas (kg/mol), ∆Tpg is the temperature difference between absorber plate and 

glass cover (K), μ is the dynamic viscosity of the gas (Ns/m
2
), ko is the thermal conductivity of a 

gas in the continuum range (W/m K), R is the universal gas constant (J/mol/K), and T is the mean 

gas temperature (K). It should be noted that the gas pressure enters this equation to the power two. 

As the gas pressure is reduced in the space between absorber and glass envelope the convective 

heat transfer in the upper half portion is lowered, and for Ra below 1700 the convection is fully 

suppressed and heat transfer will occur due to conduction only. Non-continuum effects take over 

as the characteristic length of heat transfer becomes comparable to the gas mean free path. Gas 

heat conduction is independent from gas pressure for p > 1 mb and this independence holds for 

Kn ≤ 0.01, where Kn, the Knudsen number is defined as the ratio between mean free path and the 

characteristic length of the heat transfer. The variation of gas pressure with the temperature is not 

accounted here for the calculation of Ra. 

Kennard’s equation is used for estimating the thermal conductivity of a gas which is 

contained between two parallel plates (which, of-course is only a rough approximation) in the 

whole pressure range for arbitrary Knudsen numbers (Beikircher et al. 1995): 

      
    

         
 , and          

   
    

 

            
 

3.22 
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where f is the number of degrees of freedom of each gas molecule. The reduced thermal 

coefficient αred is the heat exchange efficiency per impact between the gas particles and the walls. 

For two parallel plates, 1 and 2, it is defined as: 

     
    

          
 , and        

        

           
 3.23 

αi is the accommodation coefficient at wall i, and Tin and Tout denote the temperatures of the 

molecules travelling to and from wall i, respectively, which are not accessible by our experiments. 

Twall is the temperature of the wall. The experimental values for αi under different conditions 

(surface/gas pair, roughness, temperature, and pressure) are available in Sexana (1989) or Harding 

and Window (1980). Reported experimental values for the thermal accommodation coefficient 

range from 0.01 to nearly unity, depending on the gas-surface combination and the level of 

contaminant gas layers adsorbed on the surface. The smaller values are usually observed for light 

gases striking surfaces composed of higher atomic weight molecules, and high values are 

observed for heavy gases striking lower or similar molecular weight or contaminated surfaces. 

Table 3.2 shows the selected values of accommodation coefficients used in this study for different 

surface-gas combinations.  

Table 3.2: Values of thermal accommodation coefficients (αi) for the selected solid-gas pairs. 

Gas Copper Glass 

Helium 0.35 0.35 

Hydrogen 0.25 0.29 

Air 0.75 0.8 

Argon 0.85 0.9 

3.5 Discussion 

Based on the theoretical model elaborated above, the U-value is computed initially for a 

collector tube with air present at 1 atm inside the glass envelope at different fluid and ambient 

temperatures. Fig. 3.8 shows the comparison of experimental and theoretical results.  
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Figure 3.8: Variation of U-value computed theoretically and experimentally for air at 1atm inside glass 

envelop 

The absolute values of the theoretical curve have been fitted to the experimental results by 

using the factor of 2.2 for accounting for the geometry (see Eq. (3.12)). The trend of the 

calculated results is very similar to that of the measured results. The mean deviation between the 

theoretical and mean experimental U-value curve is approximately 1.2%, which is estimated as 

the arithmetic mean of the individual deviations calculated for the considered temperature range. 

Considering the measurement uncertainty in Fig. A-1 (Appendix A), it can be said that the 

numerical model accurately estimates the loss coefficient of the collector.  

During the same experiment, the glass cover temperatures were also measured at the center 

of the vacuum tube with the help of two temperature sensors, which were held fast on the surface 

of the glass envelope. One sensor was placed on the top half of the glass tube indicating the 

surface temperature of the glass cover above the absorber, and the second sensor on the lower half 

of the glass cover indicating the surface temperature of the glass cover below the absorber. Fig. 

3.9 shows the calculated and measured glass cover temperatures and a good agreement between 

the calculated and measured glass envelope temperatures for both halves can be realized, which 

also justifies the chosen characteristic lengths (Lt/b) and the use of the fitting parameter to estimate 

the convective heat transfer between the absorber and top half of the glass envelope (Eq. (3.12)), 

although (Tg-t)Th is a little smaller than the (Tg-t)Exp. 
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Figure 3.9: Theoretical and experimental glass envelope temperatures versus fluid temperature along with 

the ambient temperature for air at 1atm inside glass envelop 

The model is then further used without additional fit parameters to compute the loss 

coefficient for the tubes containing various gases at lower pressures (Knudsen conduction), and 

the possible presence of those gases is discussed here.  As the thermal and production history of 

the collector tubes is not well known, the calculations are carried out for air, hydrogen, helium 

and argon, which can be the potential cause of vacuum deterioration and resultant increase of heat 

loss of the collector tubes (Window and Harding, 1982 and 1984; Moon and Harding, 1982; 

Watanabe, 2001). Figs. 3.10 to 3.13 show the resulting loss coefficients at different gas pressures 

for these gases along with the experimental curves for the tested collector tubes (which contain an 

unknown amount of an unknown gas). 
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Figure 3.10: Experimental and theoretical overall heat loss coefficient for air inside the glass tube 

 

Figure 3.11: Experimental and theoretical overall heat loss coefficient for Argon inside the glass tube. 
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Figure 3.12: Experimental and theoretical overall heat loss coefficient for Hydrogen inside the glass tube. 

 

Figure 3.13: Experimental and theoretical overall heat loss coefficient for Helium inside the glass tube. 

The following observations are made with reference to Figs. 3.10 to 3.13: 
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 In Figs. 3.10 and 3.11, the region between the circular marks is the transition zone, where the 

heat-transfer mode is changing from convection to pure conduction. The exact variation of the 

U-value in this region cannot be traced. 

 

 For good vacuum (p = 10
-5 

mbar) inside the glass envelope, the theoretically calculated U-

value is in the range of 0.6 - 0.8 W/m
2
 K for the considered temperature range. 

 

 The suppression of convection is dependent not only on the gas pressure but on the 

temperature difference and the kind of gas also.  

 

 For air, above 250 mbar heat transfer due to convection is suppressed (Ra < 1700) only at low 

fluid temperature. With rising fluid temperature a sudden rise in U-value is observed, as shown 

by the dotted lines in Fig. 3.10. Above 400 mbar this rise is at lower temperatures then tested. 

The experimental U-values for the tested collector tubes, in the range of 2-4 W/m
2
.K, have not 

shown such a pattern of sudden rise in U-value. At 250 mbar and below the convection is 

suppressed totally in the respective temperature range and only heat transfer due to air 

conduction takes place for the whole considered temperature range. This heat conduction is 

independent of pressure till down to 1mbar. Below 1mbar the continuum effects start to 

vanish, and the loss coefficient decreases with decreasing pressure. At 10
-5 

mbar gas heat 

conduction is almost fully suppressed.  

 

 For argon, a similar pattern as for air is observed (Fig. 3.11). However, due to the heavier 

molecules the U-values in convection are lower. 

 

  For hydrogen and helium, heat transfer occurs only due to gas conduction as the Rayleigh 

number is always below the critical value for the whole considered temperature and pressure 

range. As shown in Fig. 3.12 for hydrogen, the loss coefficient decreases rapidly with 

decreasing pressure below 1 mbar and fits reasonably well with the experimental curves in the 

range of (0.015-0.035) mbar. Hydrogen can be produced by degassing in arbitrary amounts 

whereas helium can only permeate from atmosphere through the glass and the maximum 

achievable pressure inside the glass cover would be 0.00533 mbar (i.e., partial pressure of 

helium in the atmosphere). At that pressure the corresponding theoretical U-value is 

approximately 1 W/m
2
.K (see Fig 3.13), which is below the 2-4 W/m

2
 K range. 

3.6 Conclusions 

An experimental strategy is described to measure the temperature dependent overall heat 

loss coefficient of a vacuum tube collector. It is found that randomly selected vacuum collector 

tubes from the same collector field have different values of heat loss coefficient under similar 

conditions. Most of the tested tubes fall into the range of (2-4) W/m
2 

K. A steady-state model 

based on simplifying geometrical assumptions is developed to calculate the U–value of the 

collector tubes and to estimate the unknown gas pressure inside the glass cover. The model agrees 

well to the experiments using one fitting parameter. 
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A newly manufactured vacuum tube with a getter showed the least heat loss coefficient. No 

experimental U-value curves for the tested tubes have shown a sudden change of loss coefficient 

at a certain lower fluid-ambient temperature difference, as predicted from the model for the case 

of air or argon. It can be concluded that presence of hydrogen at a very low pressure range 

(0.0005-0.05) mbar gives rise to the observed loss coefficients. Thermal and manufacturing 

history would be required for checking this hypothesis and precisely estimating the presence of a 

particular gas or mixture of gases inside the glass envelope. Proper getter material should be 

selected and incorporated in order to absorb the gases produced in the vacuum space, which will 

then assure a high performance of the solar collector for longer periods.  
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Chapter 4 : Flow Distribution Analysis 

 
In a typical vacuum tube solar collector design, the fluid flow usually is divided in a 

manifold to risers connected in parallel. After extracting heat from the attached absorber the fluid 

passages are re-combined in a manifold (see Fig. 4.1) and the hot fluid is led to the user. The heat 

gain of a solar collector is affected by the flow rate through the individual risers, and uniform 

distribution is desirable to achieve the same thermal output from all the tubes for best 

performance, which is not the case in reality (McPhedran et al. 1983). Both the collector’s overall 

flow rate and flow non uniformity affects the collector efficiency (Glembin et al. 2010; Viller et al. 

2009; Fan and Furbo, 2008). The risers are generally connected at right angles to the manifold 

thus forming a tee joint at each connection, which leads to local disturbances. A varying local 

pressure drop for a flow through such a manifold results in an uneven flow distribution through 

the whole collector. The current chapter aims on predicting and understanding the mechanism of 

flow distribution in a solar collector. 

4.1 Literature Review 

Wang and Yu (1989) developed a numerical model to calculate the isothermal flow 

distribution using mass and momentum equations at each branch of the header system.  The 

headers system is categorized as pressure regain or pressure decrease type.  This, in the former 

case, represents net increase of fluid pressure due to velocity reduction at each riser in the 

dividing manifold and a net decrease of pressure due to friction and loss effects within the 

manifold, in the latter case. The results which were supported by experiments showed that flow 

distribution of pressure regain type is more uniform than that of pressure decrease type. 

Wang and Wu (1990) also proposed a discrete numerical model and demonstrated the flow 

and temperature distribution in a flat plate solar collector for U and Z-configurations by taking 

into account the effects of buoyancy and longitudinal heat conduction. The numerical results are 

found in agreement with the experimental results for a collector array consisting of 16 collectors 

connected in U and Z-configurations. The flow non-uniformity has shown detrimental effects on 

the collector array performance. Pressure drop in the U-configuration is lower than Z-

configuration, but collector’s thermal efficiency of U-configuration is found to be much lower 

than that of Z-configuration. 

Jones and Lior (1994) developed a discrete hydrodynamic model and the resulting 

nonlinear algebraic equations were solved numerically.  For negligible buoyancy effects, they 

investigated the effects of geometrical parameters of the collector like the ratio of riser to 

manifold diameter, number of risers and length of risers on the flow non-uniformity. The three 

major parameters affecting the flow distribution, in order of their significance were the ratio of 
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riser to manifold diameter, the number of risers, and the length of risers, with non-uniformity 

increases with the increase of first two and decreases with the third one.  

Fan et al. (2007) carried out CFD calculations to estimate the flow and temperature 

distribution in a flat-plate solar collector consisting of 16 risers connected in U-configuration, 

having a tilt of 40
o
. The influences of flow rate, fluid properties, collector tilt, and collector inlet 

fluid temperature were investigated. Later, for the same collector Fan and Furbo (2008) studied 

the buoyancy effects on fluid and temperature distribution by means of CFD calculations. They 

found that at a certain low flow rate buoyancy effects are of the same order as the pressure drop in 

the risers or even larger, which results in a more non-uniform flow distribution. The pattern of 

flow distribution reverses as compared to the case of high flow rate (25 l/min) with negligible 

buoyancy effects.  

Glembin et al. (2010) experimentally investigated the flow distribution in a horizontally 

placed coaxial vacuum tube solar collector consisting of 60 parallel vacuum tubes connected in U-

configuration. They adopted a procedure where the flow distribution was calculated from the 

measured tube outlet temperatures for a range of inlet temperatures and mass flow rates.  

An alternative way for the determination of the flow distribution is to regard the collector 

as a piping network where the flow is divided amongst the parallel piping and each flow path 

leads to the same pressure loss. One of the key parameters in evaluating the flow distribution 

through such a piping network is the pressure loss at the junctions of dividing and combining 

manifold. At the junctions, the pressure loss coefficient, in general depends on the geometry of 

the component and the Reynolds number, just like the friction factor. However, when the 

Reynolds numbers are very large, it is usually assumed to be independent of the Reynolds number. 

Based on the experimental data for turbulent flow, these junction loss coefficients can be found in 

the literature in the form of empirical expressions characterized by branch angle, area ratio and 

flow ratio (e.g. Idelchik, 1986;, Bassett et al. 2001), which are not appropriate to use for laminar 

flow conditions. On the other hand, Weitbrecht et al. (2002) performed experiments on a collector 

with 10 risers connected in Z-configuration and used the experimentally obtained junction loss 

coefficients to determine the flow distribution analytically with laminar flow conditions, which 

form the basis for this work. 

The main objective of the presented work here is to demonstrate the alternate use of CFD 

simulations instead of experiments to estimate the pressure loss coefficients at the junctions for a 

range of locally changing flow ratios and Reynolds numbers, and using those to calculate the flow 

distribution. A theoretical approach as adopted by Weitbrecht et al. (2002) is used to estimate the 

isothermal flow distribution in the horizontally placed collector for both U and Z-configurations. 

Temperature effects on fluid properties are also taken into account for non-isothermal flow 

distribution but the buoyancy effects are neglected for a horizontally placed collector. Modeling 

results then are compared and validated with those predicted experimentally by Glembin et al. 

(2010). Moreover, the influence of various other parameters is investigated. 
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4.2 Collector’s Hydraulic Specification 

The collector considered for the flow distribution analysis consists of two of the four 

modules (see Fig. 2.2) having a total number of 60 vacuum tubes connected in parallel in U-

configuration and placed horizontally as shown in Fig. 4.1a. A small part of the riser is intruded 

inside the manifolds, and flexible piping elements are used to connect the coaxial piping to the 

dividing and combining manifolds as illustrated in Fig. 4.1b. The riser components connected to 

the manifolds interrupt the flow of the fluid in the manifolds and cause losses in addition to 

frictional losses. 

 

 

Figure 4.1: Schematic of the solar collector (a) Collector group of 60 vacuum tubes (b) Vacuum tube 

connected to manifold (Buchholz, 2005). 

Table 4.1 summarizes the geometrical parameters of the collector. A mixture of water and 

propylene glycol (Tyfocor LS, 1999) is used as a working fluid. 

 

Table 4.1: Material and geometrical parameters of the solar collector. 

Description  Specification 

Outside diameter of  outer riser pipe (mm) 12 

Inside diameter of  outer riser pipe (mm) 10.4 

1  2  3    …………………………………………………………….................       30 31     ……………………………………………………………........................     60 

a

absorber

Inner Pipe

Outer Pipe

Evacuated Glass

Dividing Manifold

Flexible Piping

Combining Manifold

b
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Length of outer riser pipe (mm) 1820 

Outside diameter of inner  riser pipe (mm) 6 

Inside diameter of inner  riser pipe (mm) 5.3 

Length of inner riser pipe (mm) 1750 

Inside diameter of dividing/combining manifold pipe (mm) 22 

Spacing between risers (mm) 70 

Length of riser intruded inside the manifold pipe (mm) 5 

4.3 Junction Pressure Loss Coefficients 

The main focus of the study is to determine the pressure loss coefficients at the junctions. A 

part of the manifold attached to the riser forming a tee joint is taken into consideration for the 

analysis and the actual flexible corrugated piping elements at inlet and outlet manifolds (Fig. 4.1b) 

are assumed as straight pipe, as shown in Fig. 4.2. The effect of adjacent branches on each other is 

not considered.  

 

Figure 4.2: Loss coefficients at the dividing and combining manifold. 

The loss coefficient k represents the energy dissipation at the junction and is defined as: 

  
  

   
   

 4.1 

where Δp is the pressure drop between the upstream and downstream section of the junction 

between which the pressure loss under consideration occurs Bassett et al. (2001). Therefore two 

loss coefficients are defined to characterize a junction loss, one for straight flow (with the index st) 

and one for side flow (with the index s). In any case, the velocity Vc is the one in the combined 

flow (see Fig. 4.2). 

Based on the idea of Weitbrecht et al. (2002) the following relation is used to determine the 

loss coefficient at the junction: 
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where Δpi-j represents the pressure loss from CFD simulation and Δpf,i is the pressure loss which 

would occur due to friction only because of the flow from inlet to outlet of the model. It is 

calculated by standard pressure drop relations. According to Eq. (4.2), equations can be written to 

represent all the loss coefficients with reference to Fig. 4.2: 

        
                     

   
   

 4.3 

 

 

       
                   

   
   

 4.4 

 

 

        
                     

   
   

 4.5 

 

       
                   

   
   

 4.6 

 

while: 

              4.7a 

 

            4.7b 
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where: Lc = Lst, as shown in Fig. 4.2; Δpc-st, Δpc-s, Δpst-c, Δpst-c, are calculated from CFD 

simulations. The friction factor f can be calculated as (Cengel and Turner, 2001): 

  
  

  
 For Re < 2300 

4.9a 

 

  
          

   

  
  

   

   
 
    

  For Re > 2300 4.9b 

4.3.1 CFD Analysis 

A 3D meshed model of a manifold connected to a riser is built in GAMBIT as shown in Fig. 

4.3b. GAMBIT is a preprocessor tool for modeling geometries and generating meshes. The mesh 

influences the accuracy and the simulation time of the solver. Structured meshes have a regular 

connectivity, which means that each point has the same number of neighbors while unstructured 

meshes have irregular connectivity and each point can have a different number of neighbors. The 
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tendency for complex configurations is to use unstructured meshes, which can be automatically 

generated. But structured meshes have better accuracy compared with the same amount of 

unstructured meshes and need less simulation time of solver (Filipiak, 1996). Therefore, a 

structured mesh (Hexahedron) is used in this study. 

In order to get the structured mesh, the junction portion of the model is divided into three 

parts and each part is meshed separately, as shown in Fig. 4.3a. Initially, part 2 is meshed, then 

part 1 and 3 are meshed and at the end the remaining straight parts of the manifold are meshed. 

Fig. 4.3b shows the complete meshed model where a denser mesh is used at the junction than at 

the other parts. The length of the manifold (Lst + Lc) is 70 mm and the length of the riser Ls is 30 

mm. 

 The effect of mesh density was checked for a mesh density of 7.4e5 and 3.7e6 cells/m
3
 

which showed a negligible effect on the results. The quality of the mesh was checked based on the 

criteria of Equiangular Skew (QEAS) and Equisize Skew (QEVS). QEAS and QEVS are some of 

the default measures to check the quality of mesh based on skewness, for which smaller values are 

desirable (Fluent Inc, 2006). For more than 90% of the volume the QEAS and QEVS are lower 

than 0.4, which refers to a good quality mesh. 

 

Figure 4.3: Schematic meshed model (a) Portion of junction separated into three parts in order to have 

regular mesh (b) Meshed model of the manifold and riser, with higher mesh density at the junction. 
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The CFD code used was FLUENT 6.3.2. The meshed model in GAMBIT is exported to 

FLUENT. Computations based on steady flow, pressure based, and implicit formulation are 

performed using CFD simulations. In this study, three viscous models are selected according to 

the Reynolds numbers for laminar, transition and turbulent flows. 

Re < 2300 laminar model 

2300 ≤ Re ≤ 4000 k-omega standard model (Transitional flow) 

Re > 4000 k-epsilon standard model (Enhanced wall treatment) 

The following empirical equation is used to define the turbulence intensity: 

             4.10 

 

Fluid properties (i.e. ρ = 992 kg/m
3
, μ = 0.0010912 kg/m sec) at 80 

o
C are used. There are 

different types of boundary conditions available in FLUENT, which specify flow inlets and exits. 

In our case, for dividing flow with one inlet and two outlets, a uniform velocity inlet boundary 

condition is used for the inlet, and an outflow boundary condition is used for the two outlets. 

Outflow boundary condition refers to a fully developed condition and assumes a zero normal 

gradient for all flow variables except pressure (Fluent Inc, 2006). The outflow boundary condition 

is better than the pressure outlet to be used here because the ratio of flow discharge can be fixed in 

this boundary condition. So it is possible to calculate loss coefficients for a range of riser to main 

manifold flow ratios.  

For combining flow, there are two inlets and one outlet. The velocity inlet boundary 

condition is used for both inlets corresponding to a certain riser to main manifold flow ratio. The 

outlet boundary condition is set to pressure outlet.  

For running the program some more specific information is required in FLUENT. The 

SIMPLE algorithm is used for pressure-velocity coupling to perform steady state calculations. For 

faster convergence, the 1
st
 order upwind method is opted for discretization of the momentum 

equation, which is acceptable when the flow is aligned with the grid (Fluent Inc, 2006). The 

Standard discretization scheme is selected for the pressure. Default values for all under-relaxation 

factors were applied. Convergence criteria selected for the continuity, momentum and k-epsilon 

equations are less than 5×10
-5

, 5×10
-5

, and 1×10
-6

 respectively. 

4.3.2 CFD Results  

For both dividing and combining flow, a number of simulations were performed for a range 

of Reynolds numbers and riser to manifold flow ratios (Qs / Qc) to get the total pressure drop for 

the straight (manifold) and side (riser) flow. Based on area weighted average, the total pressures at 

the inlet and outlet faces of the manifolds then are used to calculate the loss coefficients from Eqs. 

(4.3 ‒ 4.6). 

Fig. 4.4 shows the simulation results of the junction loss coefficients for the straight flow in 

the dividing manifold kdiv,st. It can be seen that the kdiv,st shows a variation with Re but negligible 

dependency on the considered range of flow ratios Qs,i/Qc,i. A curve is drawn to represent the 

trend of the resultant data which is given in the form of the following equation: 
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Figure 4.4: Variation of kdiv,st with Re and Qs,i/Qc,i and the estimated trend line. 

Fig. 4.5 illustrates the variation of the junction loss coefficients for the side flow in the 

dividing manifold kdiv,s, where it can be seen that  kdiv,s varies both with Re and Qs,i/Qc,i. In order to 

develop an equation for kdiv,s with respect to Re and Qs,i/Qc,i , a procedure is adopted where in the 

first step each data series of kdiv-s corresponding to Qs,i/Qc,i is fitted in a logarithmic expression in 

the following form:  
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Figure 4.5: Variation of kdiv,s with Re and Qs,i/Qc,i. 

In the second step, coefficients a and b are plotted against the flow ratio Qs,i/Qc,i as shown in Fig. 

4.6, which are expressed in the form of following polynomial equations to fit the trend: 

 

Figure 4.6: Coefficient a and b versus flow ratio Qs,i/Qc,i and the fitting line. 

The combination of Eqs. (4.12), (4.13), and (4.14) leads to the following equation: 
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Figs. 4.7 and 4.8 show the junction loss coefficients for the straight and side flow in the 

combining manifold (kcom,st, kcom,s). Like kdiv,s, the loss coefficients for combining flow (kcom,st, kcom,s) 

also show variation both with Re and Qs,i/Qc,i. Especially the values of kcom,s increase significantly 

with decreasing  Reynolds numbers and increasing Qs,i/Qc,i. Actually kcom,s becomes negative at 

high Re and low Qs/Qc, which means there is a pressure increase in the riser at combining 

junction. This happens for the first 49 tubes for the case of flow distribution in Fig. 17 at M= 78 

kg/m
2
 hr. It is because of the fact that the velocity of the fluid in the combining manifold is much 

higher than the velocity of the fluid coming from the riser and this may result in negative values 

of loss coefficients (Also stated in Idelchik (1986)). By following the same method as before, the 

following equations are developed for kcom,st and kcom,s to fit the data trend: 
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Figure 4.7: Variation of kcom,st with Re and Qs,i/Qc,i. 

 

Figure 4.8: Variation of kcom,st with Re and Qs,i/Qc,i. 

The maximum mean deviation of the loss coefficients between the developed equations and the 

values from simulation is ± 6%. 

4.4 Formulation of the Theoretical Model 

Now after estimating the junction loss coefficients for the prescribed range of turbulent to 

laminar flow, the flow distribution through the collector consisting of 60 parallel passages can be 
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determined theoretically by solving it as a piping network, connected either in U or Z-

configuration.  

4.4.1 U-Configuration 

Fig. 4.9 illustrates the flow network in the form of junction and frictional resistances 

through a parallel piping connected in U-configuration. The actual riser consisting of concentric 

piping is represented by a circular pipe having equivalent resistance Rr.  For each flow route 

through every riser from inlet to outlet, an energy equation can be written by taking into account 

the frictional resistance of the straight sections and the junction resistances at the branches. 

 

Figure 4.9: Schematic illustration of the flow scheme and resistances in a U-type configuration. 

For instance, it can be seen from Fig. 4.9 that the fluid flow path through riser-1 encounters 

two frictional resistances through straight sections in the dividing and combining manifolds (Rc1 

and Rc2), two junction resistances for the side flow (Rj,div,s,1 and Rj,com,s,1), and one frictional 

resistances through straight section in the riser-1 Rr1. So, the overall head loss and flow through 

riser-1 is expressed as: 

Similarly, in general, the flow rate through any other n-th riser Qrn (where, n =2, 3…60) can be 

written as: 
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where, frictional and junction resistances are: 

The indices in Eqs. (4.21) and (4.22) such as Rc/r indicates the alternative use of the equation for 

manifold c or riser r. The friction factors f for a circular duct (flow in the first part of the risers) is 

defined by Eq. (4.9a), and for annulus flow in the coaxial piping (flow in the second part -back 

flow- of the risers) f is given as: 

  
  

  
 For Re < 2300 

4.23 

The flow at each non-branch section of the dividing or combining manifold is expressed as: 

A program is developed to solve the Eqs. (4.19) to (4.24) in an iterative manner. For the 

solution of the model equations, the essential parameters like the junction loss coefficients in Eq. 

(4.22) are given by Eqs. (4.11), (4.15), (4.16) and (4.17) with using the local Reynolds number Re 

and flow ratio Qs/Qc. 

4.4.2 Z-Configuration 

Fig. 4.10 illustrates the flow network in the form of junction and frictional resistances 

through a parallel piping connected in Z-configuration. 
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Figure 4.10: Schematic illustration of the flow scheme and resistances in a Z-type configuration. 

For instance, it can be seen from Fig. 4.10 that the fluid flow path from inlet to outlet 

through riser-1 encounters frictional resistances in dividing manifold Rdm1, riser Rr1, and 

combining manifold (Rcm1, Rcm2,….Rcm60) and resistances due to junctions in dividing and 

combining manifold (Rj,div,s,1, Rj,com,s,1, Rj,com,st,2,….. Rj,com,st,60). So, the overall head loss and flow 

through riser‒1 is expressed as: 

In general, the flow rate through any other n-th riser Qsn (where, n = 2, 3…60) can be written as: 
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As for the U-configuration, a program is developed to solve the Eqs. (4.26) to (4.28) in an 

iterative manner for the Z-configuration, by employing the same correlations for the junction loss 

coefficients. 

4.5 Model Validation 

The validity of the proposed CFD based model is checked by comparing the model results 

with the experimentally obtained flow distribution for the same collector by Glembin et al. (2010). 

Their procedure was based on temperature measurements at the inlet and exit of each collector 

tube and using the correlation between the mass flow rate and the temperature change of the fluid 

while flowing through each collector tube. The experiments were performed for a mass flow 

range of 200 kg/hr to 500 kg/hr (or M = 78 kg/m
2
 hr to 31 kg/m

2
 hr) and an inlet temperature Tfi 

range of 20 
o
C to 80 

o
C. A flow ratio was calculated as illustrated in Fig.11, which is used here to 

compare our modeling results. The flow ratio ε is defined as the actual flow Qri through a riser i to 

the averaged flow Qav through all risers. It is given as:  

However these data have not been reported for each experiment, but only the average 

distribution over all experiments. This is depicted in Fig. 4.11, which is taken from Glembin et al 

(2010). 

 

Figure 4.11: Measured flow distribution in a collector of 60 vacuum tubes for U-type configuration 

(Glembin et al. 2010). 

To account for the temperature effects on fluid properties like viscosity and density of the 

fluid, the arithmetic mean of the measured inlet-outlet temperate for each tube (also taken from 

Glembin et al. 2010) is used to calculate the viscosity and density of the fluid in the respective 
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risers and outlet manifold sections. The estimated junction loss coefficients have shown negligible 

variation with the temperature. 

The details of all the chosen flow rates and inlet temperatures (in the described ranges) of 

the conducted experiments are not reported in the article of Glembin et al. (2010), therefore a total 

of four extreme points of operation corresponding to a flow rate of 78 kg/m
2
 hr and 31 kg/m

2
 hr 

and inlet temperatures of 20 
o
C and 80 

o
C are selected to compute the flow distribution 

numerically. 

Fig. 4.12 shows the calculated flow distributions for the considered range along with the net 

averaged flow distributions from the experiment. It can be seen that for a certain inlet temperature 

(Tfi = 80
 o

C or 20 
o
C), the overall flow rate has some influence on the flow distribution, i.e non-

uniformity decreases with decreasing flow rate (as shown by Fan et al. (2007) and Weitbrecht et 

al. (2002)). But on the other hand, for a certain mass flow rate (M = 78 kg/m
2
 hr or 31 kg/m

2
 hr), 

the change of inlet temperature from 80 to 20 
o
C shows a larger impact on the calculated flow 

distribution. With decreasing temperature, viscosity increases and hence the Reynolds number 

deceases which results in higher pressure drop for laminar flow through the risers, and this leads 

to more uniform flow distribution. This variation of Reynolds number in each riser for the above 

four cases is also shown in Fig. 4.13. 

From the simulation it can be concluded that the use of an average flow distribution as done 

by Glembin et al. (2010) is not really sensible. However, as the averaged experimental curve falls 

well in between the simulated flow distribution a reasonable agreement can be stated. Deviations 

mainly stem from the Reynolds number dependency of the flow distribution. Other reasons for 

disagreement are the strong sensitivity of the junction loss coefficients at very low Reynolds 

numbers, geometrical simplification of the actual branch region for the CFD simulation (see 

Section 4.2, Figs. 4.1b and 4.2), the complexity of the fluid flow in the real conditions, the 

assumption of fully developed flow in the whole collector, the unknown error margin of the 

measurements and the details regarding the tested range of inlet fluid temperatures (between 20
 o
C 

and 80 
o
C) for the derived experimental flow distribution curve.  
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Figure 4.12: Measured and calculated non-isothermal flow distribution for U-configuration. 

 

Figure 4.13: Variation of Reynolds number in the inner circular pipe of each riser. 
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4.6 Results and Discussion 

The CFD based model now is used to investigate various aspects of the flow distribution 

mechanism.  

4.6.1 Sensitivity Analysis 

We know that the geometry of the manifold (i.e. simplification of the actual branch region 

involving flexible corrugated piping, chosen lengths of riser and manifold as shown in Figs. 4.1 ─ 

4.3) and boundary conditions which were used for the FLUENT simulation approximates but may 

not describe the real conditions which prevail inside the manifold at each branch region due to the 

influence of adjacent branches and the manner in which the flow is changing (decreasing or 

increasing) in the manifolds. The worse outcome of these assumptions and simplifications could 

be that estimated values of loss coefficients are too small or too large (if still assuming the trend 

of k’s as function of Re and flow ratio Qs/Qc remains same as shown in Figs. 4.4 ─ 4.8). Therefore, 

a sensitivity analysis is performed, where the loss coefficients at the junctions are varied over a 

certain range to see their effect on the estimated flow distribution. For that purpose isothermal 

flow distribution for M = 78 kg/m
2
 hr based on junction loss coefficients (kdiv,st, kdiv,s, kcom,st, kcom,s) 

given by Eqs. 4.11, 4.15, 4.16 and 4.17, is used as the reference and the influence of increasing or 

decreasing the loss coefficients for straight (kdiv,st, kcom,st) and side flow (kdiv,s, kcom,s) is examined. It 

is also useful to determine which loss coefficients have a critical influence on the flow 

distribution.  

Figs. 4.14 and 4.15 show the resulting flow distribution by varying the junction loss 

coefficients for side flow (kdiv,s, kcom,s) and straight flow (kdiv,st, kcom,st) from the reference case in 

the range of -40 to +40 %, respectively. It can be seen that side flow coefficients (kdiv,s, kcom,s) have 

a marginal effect on the flow distribution by increasing or decreasing it in the range of -40 to +40 % 

(Fig. 4.14), while the straight flow coefficients results in a higher deviation from the reference 

case in the same range (Fig. 4.15), but still the deviation is not so drastic from the reference. This 

can be explained in a way that, for example, a fluid particle which is flowing through the 30
th
 riser 

has to encounter 29 straight flow junction losses  (kdiv,st, kcom,st) in the dividing and combining 

manifolds and only 2 side flow junction losses (kdiv,s, kcom,s) in the 30
th
 riser (see Fig. 4.9). It can be 

concluded that straight flow junction loss coefficients are more critical in finding the correct flow 

distribution.  
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Figure 4.14: Isothermal flow distribution at M = 78 kg/m
2
 hr. for U-configuration by varying kdiv,s, kcom,s in 

the range of -40 to 40 % of the reference. 

 

Figure 4.15: Isothermal flow distribution at M = 78 kg/m
2
 hr for U-configuration by varying kdiv,st, kcom,st in 

the range of -40 to 40 % of the reference. 
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4.6.2 Comparison with the Correlations for High Reynolds Number 

Fig. 4.16 illustrates the comparison of the calculated flow distribution based on the junction 

loss coefficients from CFD simulations (Section 3) at low Reynolds numbers and the available 

correlations for turbulent flows from Idelchik (1986) and Bassett et al. (2001).   It is seen in Fig. 

4.16 that the resulting flow distribution curves for Idelchik (1986) and Bassett et al. (2001) are 

almost identical but differ appreciably from the present case. Although the equations reported by 

both sources (Idelchik, 1986 and Bassett et al. 2001) for estimating the loss coefficients are 

diffferent, but both resulted in almost similar values of loss coefficients. The main reason for this 

deviation are the low values of the junction loss coefficients of the straight flow (kdiv,st and kcom,st) 

from the correlations of  Idelchik (1986) and/or Bassett et al. (2001) depicted in Fig. 4.17 for the 

encountered range of Reynolds number from 70 to 7000 (corresponding to total mass flow of 78 

kg/m
2
 K) in the manifolds.  

 

Figure 4.16: Comparison of isothermal flow distribution (U-configuration) for junction loss coefficients 

based on CFD simulations, Idelchik (1986) and Bassett et al. (2001) at M = 78 kg/m
2
 hr. 
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Figure 4.17: Variation of kdiv/com,st at each branch of dividing and combining manifold, based on CFD 

simulations and Idelchik (1986) for U-configuration at M = 78 kg/m
2
 hr.  

4.6.3 Riser to Manifold Head Loss 

Fig. 4.18 shows the flow distribution for increasing length of the riser, while keeping the 

geometrical parameters of the manifolds same (see Table 4.1). It is obvious that flow uniformity 

increases with increasing riser length from 1.82 m to 8 m, which leads to a well-known principle 

regarding flow distribution in manifolds: higher pressure drop in the risers as compared to the 

manifolds results in more uniform flow distribution. This is demonstrated in Fig. 4.19, where the 

variation of the pressure drop ΔP of the manifold and riser for each flow path are drawn for riser 

length Lriser of 1.82 m and 8 m. For Lriser of 1.82 m the pressure drop in the manifold is dominating 

which results in worse flow distribution than for the case of Lriser equal to 8m, where the pressure 

drop in the riser is always higher than in the manifold. 
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Figure 4.18: Isothermal flow distribution with increasing riser length for U-configuration at M = 78 kg/m
2
 

hr.  

 

Figure 4.19: Profiles of pressure drop in the riser and manifold for each flow path 
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4.6.4 U versus Z-configuration 

The flow distribution is also calculated for the Z-configuration and comparison is made for 

the same collector connected in U and Z-configuration (Fig. 4.20). For the Z-configuration, the 

flows is higher at the ends and lower in the middle tubes; it shows the similar trend as predicted 

by McPhedran et al. (1983) for 60 tubes and also in good agreement with the experimental results 

of Glembin et al. (2011). The Z-configuration results in more uniform flow (ε is near to unity). 

The minimum flow ratio ε and thus the minimum riser flow rate reached in the case of the Z-

configuration (0.8) is 20 % higher than for the case of the U-configuration (0.6). However, even 

in Z-configuration the flow distribution is not at all uniform. 

 

Figure 4.20: Isothermal flow distribution curves for U and Z-configuration.  
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Figure 4.21: Flow distribution curves at M = 78 kg/m
2
 for N = 60, 40, 20 (U-configuration) 

 

Figure 4.22: Flow distribution curves at M = 78 kg/m
2
 for N = 60, 40, 20 (Z-configuration) 
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4.7 Conclusions 

A CFD analysis is used to estimate the junction losses at the tee-junctions of a collector 

manifold. A simplified model of the junction is built and simulated in FLUENT for a range of 

Reynolds numbers and riser-to-manifold flow ratios. The resulting junction loss coefficients have 

shown a strong dependency on the flow rate at low Reynolds numbers.  

The variable loss coefficients are implemented in a theoretical model to predict the flow 

distribution in a coaxial vacuum tube solar collector arranged in U and/or Z-configurations. The 

model is validated with the experimental results for the same collector in U-configuration. The 

model agrees reasonably well (but not perfect) to the experiments. The model can be used to 

predict flow distribution for any number of risers in the prescribed range of Reynolds numbers. 

Flow uniformity decreases with increasing flow rate and temperature. Parallel flow (Z-

configuration) results in more but not perfectly uniform flow than the reverse flow (U-

configuration). 

The proposed CFD based method can replace the expensive and time-consuming procedure 

of setting up experiments for estimating junction losses.  
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Chapter 5 : Single Phase Flow Modeling and Analysis 

In this and next chapter, a detailed steady-state model is developed to study the thermal 

performance of an individual coaxial vacuum tube solar collector incorporating both single and 

two-phase flows.  In particular, the effect of vacuum leakage and resultant collector heat loss 

coefficient (U-value) and the effect of flow rate due to non-uniform flow distribution are 

examined, and their influences on collector performance are quantified and discussed in detail. 

The coaxial structure of the absorber piping has constructional advantages as only one glass to 

pipe connection is required and the absorber within the glass cover can be tilted without needing 

for the whole collector to be sloped at an appropriate angle. The coaxial structure of the absorber 

piping has a unique negative feature also due to internal heat transfer within the concentric piping 

and resulting nonlinear temperature variation along the absorber length which leads to efficiency 

reduction at reduced flow rates. The flow rate through the collector should be maintained at a 

certain minimum high level to avoid this efficiency reduction (Glembin et al. 2010).  

The model is used to study the peculiar effect of coaxial piping on the temperature 

distribution of the fluid inside the collector tubing by employing a finite difference approach and 

is solved iteratively in a segregated manner in MS-Excel and MATLAB. Computational fluid 

dynamics (CFD) analysis was also performed for single phase flow to compare with the model 

results of the fluid temperature distribution within the coaxial piping, which is an important 

feature of the model. The overall results then are validated against experimental values. 

5.1 Literature Review 

There are a large number of research papers regarding the modeling of solar collectors 

including flat plates, vacuum tubes, heat pipes, concentrating type, etc. Also, various researchers 

have analyzed the thermal performance of a variety of configurations of vacuum tube solar 

collectors to estimate the heat extracted and fluid temperature in the collector. These developed 

models have different levels of complexity. Usually, it is assumed that the collector is working 

under steady-state conditions. Here, a selected literature review only related to direct flow type 

vacuum tube collectors is presented. 

Hsieh (1981) developed a mathematical formulation to perform a thermal analysis of a 

compound-parabolic concentrator (CPC) having a concentric evacuated double pipe as a heat 

receiver. Due to the use of a selective surface and the vacuum between envelope and receiver, the 

collector shows a very slight drop of efficiency at high operating temperatures. 
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 Estrada-Gasca et al. (1992) developed a steady state one-dimensional mathematical model 

to estimate the theoretical efficiency of an all glass evacuated tube solar collector with an internal 

or external absorber film deposited on the inner or outer surface of the inner glass cover, 

respectively. They expressed the variation of collector efficiency with a range of values of thermal 

emittance of the absorber and the convective heat transfer coefficient in the vacuum gap, although 

no direct experimental comparison with the modeling results was presented.  

Kumar et al. (1994) conducted a transient analysis of an evacuated tubular collector tube; 

energy equations for the glass envelope, the absorber, and the fluid are solved using the finite 

difference technique to predict the various component temperatures as a function of time. No 

experimental results were reported for the model validation. It was shown that a combination of 

selective absorber coating and vacuum insulation results in a high efficiency of the solar collector.  

Shah and Furbo (2003) analyzed the performance of a solar collector consisting of a tubular 

absorber placed inside the evacuated double glass tube. In the theoretical model flat plate 

collector’s performance equations are integrated over the whole absorber circumference and the 

effects of incidence angle variation and shading from the neighboring tubes were studied in detail. 

The heat loss coefficient was not calculated numerically but it was determined from efficiency 

measurements and used in the numerical model. An U-tube welded on a copper plate was found 

to be the best design for all ranges of the incidence angle. 

Kim and Seo (2007) experimentally investigated the thermal performance of a solar 

collector for air as a working fluid. The collector consists of two layered glass tube and for four 

different shapes of absorber tube are analyzed. Shading effects due to neighboring tubes and the 

effect of incidence angle was also studied. 

Ma et al. (2010) analyzed the thermal performance of an individual two-layered glass 

vacuum tube collector theoretically. The influence of the air layer between absorber tube and the 

cylindrical copper fin with U-tube and of the solar radiation on the collector efficiency was 

investigated. In their model, experimental results were used to obtain the convective heat transfer 

coefficient inside and outside the glass cover to estimate the overall heat loss coefficient. 

Subsequently, Liang et al. (2011) investigated theoretically and experimentally a new version of 

the same collector where a specific filled layer having a cylindrical configuration with two 

recesses to admit the U-tube was utilized. As compared to the former design, the later design 

showed an efficiency improvement of 12 % when thermal conductivity of filler material reaches 

100.  

Glembin et al. (2010) modeled a coaxial vacuum tube collector and investigated the impact of 

flow rates on the efficiency. They also demonstrated the non-linear temperature profile of the heat 

carrier fluid along the collector tube length. Their model does not consider the evaporation and 

resultant two-phase flow in the collector piping. Later in another paper, Glembin et al. (2011) 

investigated the impact of partial stagnation experimentally. No efficiency reduction under partial 

stagnation of different intensities was encountered. These results are in line with the results of the 

present study. 

Though extensive studies have been done on steady and unsteady state thermal analysis of 

various configurations of direct-flow vacuum tube collators, the coaxial structure of the absorber 



 Investigation of Hydraulic and Thermal Performance of Solar Collectors Used for Solar Cooling 

   83 

 

piping has not been studied extensively. Also, there is a deficiency of research concerning the 

impact of two-phase flow or partial stagnation except for the case of heat pipes, which is an 

isothermal devise purely based on evaporation and condensation cycle of the working fluid. 

Studies related to numerical modeling of the heat pipes are available in literature (e.g. Azad  2008; 

Tabassum et al. 1987; Mathioulakis and Belessiotis, 2001; Facao and Oliveeira, 2004). But two-

phase flow in a direct flow vacuum tube collector happens as an unwanted and unplanned 

phenomenon. A numerical model to account for the evaporation of the fluid and its impact on the 

thermal performance in a direct flow collector is presented here. The literature survey also shows 

that the effect of vacuum insulation and the consequent heat loss coefficient has a very significant 

and critical role in the overall thermal performance of evacuated tube collectors.  

 In this study, a particular type of vacuum tube solar collector having a flat absorber sheet and 

coaxial piping inside the glass cover is analyzed numerically, and the analysis is extended further 

to include the conditions leading to the onset of two-phase flow and the resulting boiling and 

condensation of the working fluid within the coaxial piping. 

5.2 Collector Specification 

The vacuum tube collector investigated is the same as shown in Fig. 2.3. The specifications 

and typical values of relevant parameters and constants used in the theoretical model are 

summarized in the Table 5.1.  

Table 5.1: Values of geometrical parameters and constants used in the mathematical model. 

Description  Specification Unit 

Geometry: 
 

 

Outside diameter of glass cover  65 (mm) 

Inside diameter of glass cover  62 (mm) 

Length of glass cover and absorber plate  1700 (mm) 

Width of absorber plate  60 (mm) 

Outside diameter of  outer pipe  12 (mm) 

Inside diameter of  outer pipe  10.4 (mm) 

Length of outer pipe  1820 (mm) 

Outside diameter of inner  pipe  6 (mm) 

Inside diameter of inner  pipe 5.3 (mm) 

Length of inner pipe  1750 (mm) 

Thickness of absorber plate  0.2 (mm) 

Material properties: 
 

 

Transmissivity of glass 0.92
 b
 (-) 

Emissivity of glass  0.88
a
 (-) 
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Absorptance of the surface coating (Cu/TiNoX) 0.95
 b
 (-) 

Emissivity of surface coating (Cu/TiNoX)  0.05
 a
 (-) 

Emissivity of copper  0.03
 a
 (-) 

Effective transmittance-absorptance product (ατ )  0.84
b
 (-) 

Working Fluid 
 

 

Water, Tyfocor LS (Mixture of water and propylenglycol) 

Thermo-physical properties are 

given as a function of 

temperature (VDI, 2006; 

Tyfocor LS, 1999) 

 

a
 infrared range  

b
 visible range 

5.3 Theoretical Model 

A model based on the analytical method presented by Duffie and Beckman (2006) for flat 

plate collectors is used and modified to include the coaxial effect of the collector piping, effect of 

gas conduction/convection inside the glass envelope at any arbitrary pressure, and the conditions 

leading to boiling and resulting two-phase flow. Basic energy balance equations for the glass 

cover, the absorber plate and the fluid are solved using an iterative procedure.  

5.3.1 Assumptions and Basic Energy Balance 

To model the collector a number of simplifying assumptions are made. The assumptions are 

as follows: 

 The collector is in steady state. 

 Thermal and radiation properties of the collector materials are independent of temperature. 

 Effects of incidence angle on the absorbed solar radiation are not considered.  

 The ambient temperature above the collector is the same as below.  

 Sky and ambient temperatures are assumed to be same. 

 The flow is laminar and the Nusselt number is constant for the whole laminar range (Re < 

2300) to estimate the respective convective heat transfer coefficients, owing to fully 

developed velocity and temperature profiles. 

 Uniform heat flux conditions are assumed because this fits better to reality than uniform 

wall temperature. 

 Thermal resistance of the bond between absorber plate and pipe is negligible. 

 Conduction heat transfer in the direction of the pipe axis is negligible. 

The variability of solar radiation is an important aspect of solar energy because it influences 

system design and solar energy economics. The size of the solar collector required for a particular 
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application is dependent on the location under consideration. The season, location, and time of the 

year determine how much solar radiation reaches the earth. For the current analysis, typical values 

are used.  

A general description of the overall heat balance on the solar collector plate and heat 

transfer for a small elementary section of the coaxial pipe connected to the absorber is shown in 

Fig. 5.1. The solar radiation absorbed at the surface of the absorber is the first step to estimate the 

heat gain of the fluid. The transmission, reflection, and absorption of solar radiation by the 

various parts of solar collectors are the key factors to determine the absorbed solar radiation. Here 

for simplification the optical efficiency ηo (calculated experimentally and provided by the 

manufacturer) of the considered collector is used to compute the transmittance-absorptance 

product (ατ) and the absorbed radiation on the absorber surface.  ηo is the efficiency of the 

collector at no temperature difference between mean fluid temperature and ambient temperature, 

therefore in this case only optical losses will occur. The optical efficiency, ηo, is given by: 

         5.1 

where Fc is the collector efficiency factor and its value usually ranges from 0.9 to 0.97 (Felix and 

Remmers, 2002). The experimentally known optical efficiency is 0.794 and for Fc = 0.94 this 

implies, ατ ≈ 0.84. This assumption also refers to the starting point (at (Tfm-Ta)/Gav = 0) for 

comparing modeling and experimental results (see Fig. 5.19).  

After passing through the glass cover, the radiation coming from the sun (Gav.ατ) is 

absorbed on the surface of the absorber. A part of it (Qloss) is rejected to the ambient and the 

remaining part (Gav.ατ – Qloss) is conducted to the working fluid flowing in the attached absorber 

piping. The fluid, while flowing through the outer pipe (annulus) extracts heat from the absorber 

and also rejects a part of it to the colder fluid flowing in the inner pipe, at the same time. This 

latter point is a special feature of absorbers with coaxial pipe. The fluid in the inner pipe enters at 

a certain mass flow rate    and temperature Tf,inner-i and starts extracting heat from the fluid 

flowing in the outer pipe, like in a double pipe heat exchanger. The fluid comes out of the inner 

pipe at a certain higher temperature Tf,inner-o. At the exit of inner pipe, the fluid enters in the last 

portion of the outer pipe where it turns around and enters the annulus. This last portion has a 

length of 70 mm (see Fig. 5.4) and the fluid gains some heat and enters the annulus portion with a 

little higher temperature Tf, outer-i (i.e, Tf, outer-i >Tf,inner-o ).  
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Figure 5.1: (a) Overall heat balance of the solar collector at the absorber plate. (b) Heat balance across the 

fluid, flowing through the small elementary section of coaxial pipe. 

Qabs =  Gav. τα – Qloss 5.2 

For steady state and no axial conduction, the net heat gain of the outer fluid flowing in the 

annulus pipe element before heat transfer Qf-inner to the inner pipe is: 

Qf-net = Qabs = Qf-outer + Qf-inner = (ṁΔh)outer + (ṁΔh)inner 5.3 

where (ṁΔh)outer and (ṁΔh)inner are the changes of the fluid enthalpy flows in the outer and inner 

pipe, respectively.  

Under steady state, heat gained by the collector plate is given as: 

Qabs = Aab[Gav.(τα) - U(Tpm - Ta)] 5.4 

where U is the overall heat loss coefficient of the collector. A detailed analysis of the loss 

mechanisms and the evaluation of the U-value for a gas pressure from zero to atmospheric was 

presented in Chapter 3 (Section 3.3), and therefore will not be described here. The main 
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difference is that in the previous analysis, the fluid in the absorber pipe was in rest and the plate 

and fluid temperatures were assumed to be same while in the present analysis for the case of fluid 

flowing in the coaxial absorber pipe the absorber plate is at higher temperature than the flowing 

fluid and the U-value is attributed to mean plate temperature (Tpm). Also, the convective heat 

transfer (hc-t/b-ga) from the glass cover to ambient is not by natural convection, but it is generally 

assumed to be a function of air velocity (Vair) and is given as (Mcadams, 1954): 

                                        5.5 

where hc-t/b-ga is in W/m
2
 K and Vair is the air velocity in m/sec. Yc-t/b-ga is the area correction factor 

to account for the area of glass cover 

5.3.2 Heat Gain of the Fluid 

The useful total net heat gain of the fluid flowing in the coaxial pipe according to Eq. (5.4) can 

also be expressed as: 

Qf-net = AabFc[Gav.(τα) -U(Tfm-outer -Ta)]  5.6 

The difference to Eq. (5.4) is that the mean plate temperature Tpm is replaced with the fluid mean 

temperature in the outer pipe Tfm-outer with the use of the collector efficiency factor Fc, which 

considers the heat transfer resistance from absorber to fluid in the pipe due to fin conduction, due 

to the conduction through the contact bond between absorber and pipe, and due to the forced 

convection between the pipe inner wall and the flowing fluid.  For a pipe attached to the bottom 

of a flat absorber sheet with negligible bond resistance, Fc is given as (Duffie and Beckman, 

2006): 

   
   

  
 

             
 

 
           

 
 5.7 

This above expression for the collector efficiency factor Fc represents the ratio of the actual useful 

heat gain to the useful gain that would result if the absorber plate had been at the local circulating 

fluid temperature. In other words Fc represents the effect of the temperature drop between the 

absorber plate Tp and the fluid in the pipe Tf. The complete mathematical derivation of several of 

these collector efficiency factors are presented by Bliss (1959). hf,outer is the single phase all-liquid-

flow heat transfer coefficient at the outer wall of the annulus. The region between the edge of 

absorber sheet and the outer pipe base is considered as a classical fin problem as shown in Fig 5.2 

and F represents the fin efficiency which is expressed as: 

  
       

    
   

  
    

  
 

5.8 

where     
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Figure 5.2: Absorber plate as a fin with rectangular cross section 

The heat gain of the fluid flowing in the inner pipe is calculated as: 

Qf-inner = Uo Ain ΔTm 5.9 

where the overall heat transfer coefficient Uo based on area Ain of outside surface of the inner pipe 

is given as: 

   
 

 
  
  
  

 
   

   
  
   

   
  
  
  

 
   

 5.10 

Here hfi and hfo are the single phase all-liquid-flow heat transfer coefficient at the inner and outer 

wall surface of the inner pipe, respectively. 

Pressure drop calculations are always based on the hydraulic diameter which uses the 

wetted perimeter but there is a discrepancy in the literature about the use of heated or wetted 

perimeter for the calculation of heat transfer of the fluid flowing in the annulus. Hydraulic 

diameter based on wetted perimeter results in larger value of heat transfer coefficients than using 

the heated perimeter. For the present case where we have heating at the outer pipe wall and 

cooling at the inner pipe wall of the annulus, a computational fluid dynamics (CFD) analysis was 

performed to verify the correctness of results based on heated or cooled perimeter (Php-o/i). This is 

explained in Section 5.4. 

Consequently, as illustrated in Fig. 5.3, the convective heat transfer coefficients for the 

single phase all-liquid-flow in the annulus (hf-outer, hfo) at the outer and inner wall of annulus of 

coaxial pipe are determined from the hydraulic diameter based on the heat transfer perimeters 

(PHp-o/i) as the characteristic length of heat transfer. For the convective heat transfer coefficient in 

the inner pipe heat transfer wall (hfi ) is simply the diameter (di). The heat transfer coefficients are 

derived from Nusselt-numbers as follows: 

         
        

       
 5.11 
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where kf is the fluid thermal conductivity at the respective bulk mean fluid temperature in the 

inner or outer pipe. The hydraulic diameters based on wetted (DH,Wp) or heated perimeter on outer 

and inner wall (DH,Hp-o/i) are given as: 

          
   

       
 5.14 

      
   

   
 5.15 

where Ax is the Area of cross section of the annulus. 

 

Figure 5.3: Dimensions of coaxial piping demonstrating the fluid heat transfer coefficients along with the 

respective wetted and heat transfer perimeters. 

The Nusselt numbers for fully developed laminar flow (Re < 2300) in the annulus and inner 

pipe (Fig. 5.3) are given as by Kakac et al. (1987): 

 Nuoo = 7; at the outer wall of annulus for uniform heat flux boundary condition at both 

walls of the annulus 

 Nuii = 10; at the inner wall of annulus for uniform heat flux boundary condition at both 

walls of the annulus 

 Nuinner = 4.36; in the inner pipe for uniform heat flux boundary condition 

For the end part of the coaxial pipe, where the fluid changes its direction to the annulus portion 

the flow is treated as laminar through a circular pipe of diameter Di, and (differently from Kakac 

et al., (1987)) a slightly higher value of the Nusselt number is assumed to account for the 

expected turbulence, i.e.: 

 Nuend = 7;  

For Reynolds number larger then 2300, the following correlation for Nusselt numbers for circular 

duct is also valid for annulus only at the outer wall of the annulus irrespective of heating or 

cooling at the inner wall:  

Nu= 
                

                       
 5.16 

where, f = A + B/Re
1/m

 and 

hf-outer, Nuoo→Php-o = πDi

Qabs

Absorber

Qf-inner

hfi , Nuinner

hfo , Nuii →Php-i = πdo

Qf-outer= Qabs-Qf-inner

didoDo Di

Pwp = π(Di+do)
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For 2300 ≤ Re ≤ 4000, A = 0.0054, B = 2.3*10
-8

, m = -0.667 

For 4000 ≤ Re ≤ 10
7
, A = 0.00128, B = 0.1143, m = 3.2154 

The mean fluid temperatures in the inner and outer pipe elemental section are: 

                
                                 

 
 

5.17 

The fluid temperatures at the exit of inner and outer pipe elemental sections are given as: 

                 
              

                  

                  
5.18 

The mean absorber plate temperature can be written as: 

    
 

 
 
      

    
    

5.19 

5.3.3 Discretisation and Iteration 

To determine the overall heat gain and the fluid temperature distribution along the length of 

the absorber while flowing through the inner and outer pipe, the whole length of the vacuum tube 

collector is divided into small elements and the balances for each element are solved individually. 

Fig. 5.4 shows the collector tube partition into n elements and gives the nomenclature which is 

used in the respective equations. The last element (n+1) has no absorber, and it is assumed that 

heat is only transferred from the fluid in the outer pipe to the inner pipe.  

 

Figure 5.4: Collector tube division into n elements and energy balance for each element. 

The modeling algorithm is shown in the form of a flow diagram in Fig. 5.5. Eqs. (5.1) 

through (5.19) are solved iteratively in three loops for the whole collector. First, the medium and 

inner iteration loops are described. They iterate a single element of the collector. Initially, values 

are assumed for Tg-t/b-i, Tpm-i, Tf,inner-o, Tf,outer-i/o (see Fig. 5.1). Then the inner loop calculates the 

Tfi

Tfo Tfi-outer-2= Tfo-outer-1

Tfo-inner-2= Tfi-inner-1
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overall heat transfer coefficient U (W/m
2 
K). It iterates for assumed values of Tg-t/b-i through Eqs. 

(3.5) to (3.20) for assumed value of Tpm-i and known value of Ta, till convergence. The medium 

loop calculates the total local heat gain by the collector plate and the net heat gain of the working 

fluid in the inner and outer pipes of the respective element. This loop iterates for assumed values 

of Tpm, Tf,inner-o, Tf,outer-i/o with Eqs. (5.2) and (5.19) till convergence.  

At the start, an arbitrary value for the inlet fluid temperature to element 1, Tfi-inner-1, is 

assumed and the net heat gain of the fluid Qf-outer-1 and the unknown temperatures Tpm1, Tfo-outer-1 

are calculated with the two loops as described above. Fluid temperatures Tfi-inner-1, Tfo-outer-1, are set 

equal to the fluid temperatures for the next element Tfo-inner-2 and Tfi-outer-2 respectively, and the 

procedure is repeated. All the elements are solved individually till the (n+1)th element and the 

inlet fluid temperature Tfi is calculated. This outer loop then continues until the known inlet fluid 

temperature Tfi is finally obtained.  



Chapter 5: Single Phase Flow Modeling and Analysis  

92 

 

 

Figure 5.5: Schematic flow diagram of the implemented algorithm.  

The model is implemented in MS-Excel and also in MATLAB (Appendix-B), which are 

suitable tools to perform iterative computations. Thermo-physical properties for the 
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corresponding temperatures of the fluid are implemented in the model in the form of equations 

(VDI, 2006). 

Finally, the theoretical efficiency ηc of the collector can be determined as follows: 

   
                       

 
   

 
   

      
 

              
 

      
 

5.20 

5.4 Modeling Results and Discussion for Single Phase Flow 

Based on the mathematical model described in the preceding section, this section highlights 

the collector performance results for single phase all-liquid-flow through a single coaxial vacuum 

tube solar collector. The simulations are performed for a typical set of input parameters such as 

global solar irradiance Gav (1000 W/m
2
), Inlet fluid temperature Tfi (80 

o
C), ambient temperature 

Ta (20 
o
C), air velocity Vair (3 m/sec) and for different mass flow rates m (kg/sec). Water is used as 

a working fluid here. Perfect vacuum conditions (Pgas = 10
-5

 mb) are assumed inside the glass 

envelope. 

The specific flow rate usually is defined as per collector aperture area, in the unit of kg/m
2
 

hr. The total collector aperture area consisting of 60 evacuated tubes is 6.4 m
2
. For a specific flow 

rate of 78 kg/m
2
 hr, the flow per collector tube is 8.3 kg/hr. This is used as the maximum mass 

flow input for a single collector tube. The results will be discussed here for the collector tube, 

which is divided into 55 elements, including the pipe portion which is not connected to the 

absorber plate as shown in Fig. 5.6. 

 

Figure 5.6: Finite element division of the whole collector tube length into 55 elements. 

Figs. 5.7 and 5.8 show the resulting fluid temperature profile within the collector piping at 

different specific mass flow rates through the collector tube and the corresponding mean absorber 

plate temperature, respectively. As these figures relate to one tube only we should use the flow 

(specific flow rate) through this one tube. In reality, the total flow will not be distributed evenly, 

so the total flow is not a significant number in relation to the figures. 
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Figure 5.7: Fluid temperature variation along the length of piping for M = 78, 30, and 23 kg/m
2 
hr.  

 

Figure 5.8: Mean plate temperature variation along the absorber length for M = 78, 30, and 23 kg/m
2 

hr. 

It is seen from Fig. 5.7 that the fluid enters the collector tube at 80 
o
C and while flowing 

through the inner pipe gains heat from the fluid flowing in the outer pipe (annulus). This inner 

pipe heat exchange becomes more pronounced with decreasing flow rate from 78 to 23 kg/m
2 
hr.  
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The fluid then turns back into the outer pipe and its temperature increases further due to the 

insolation. As the temperature difference to the inner pipe increases the heat flow from annulus to 

inner pipe increases and the temperature in the fluid may exhibit a maximum. At a flow rate of 23 

kg/m
2 

hr, the fluid in the outer pipe reaches the boiling point (127 
o
C at 2.5 bar) and the fluid 

should start to evaporate. At this point single-phase flow analysis is no more valid. This, however, 

is not yet accounted for in Fig. 5.7. The temperature of the absorber plate is above the fluid 

temperature in the outer pipe (see Fig. 5.8) but the difference is small as Fc is of the order of 0.99 

due to high fin efficiency F (see Eq. 5.7).  

Figs. 5.9 and 5.10 show the net heat gain of the fluid in the inner pipe Qf-inner-i, in annulus Qf-

outer-i and the total net heat gain Qf-net-i (i.e. Qf-inner-i +  Qf-outer-i) in each element along the tube length. 

 

Figure 5.9: Net fluid heat gain for each elementary section i for M = 78 kg/m
2 
hr. 

 

Figure 5.10: Net fluid heat gain for each elementary section i for M = 30 kg/m
2 
hr. 

It can be seen in these figures that net heat gain of the inner pipe fluid Qf-inner-i, increases 
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the inner and outer pipe as shown in Fig. 5.7. On the other hand, the fluid net heat gain in the 

outer pipe is decreasing along the pipe length, as the heat exchange to the inner pipe is increasing. 

Element 52 to 55 is the last portion of piping without absorber and it is assumed that all the heat 

lost by the outer pipe fluid is equal to the heat gain of the fluid in the inner pipe; therefore no net 

heat gain or loss of the fluid occurs (Qf-net-i = 0). Radiation and convection loss from the tube part 

not connected to the absorber is neglected. It is also to be noted that the net heat gain of the fluid 

Qf-net-i in each pipe element is approximately constant (except for 1, whose length is more than 

twice that of the other elements (see Fig. 5.6) due to the small variation of the mean absorber plate 

temperature along the whole length (see Fig. 5.8).    

The variation of the maximum fluid temperature and the resulting collector efficiency with 

specific mass flow rate for all-liquid flow (pressure higher than boiling pressure) is given in Fig 

5.11. It is observed that the collector efficiency decreases with the decrease in mass flow rate and 

the corresponding increase in the outer pipe fluid temperature, which actually accounts for the 

heat losses to the ambient. The efficiency drops by 4.5 % with the decrease in mass flow rate from 

78 to 23 kg/m
2
 hr, and this drop is more substantial from 23 to 10 kg/m

2
 hr i.e. up to 17 % with 

the corresponding increase in fluid temperature due to the peculiar coaxial effect. 

 

Figure 5.11: Variation of efficiency and max. fluid temperature with mass flow rate for all-liquid fluid flow. 

5.4.1 Effect of Vacuum Deterioration for Constant Flow Rate on Collector Efficiency 

 So far, modeling results presented were for the case of perfect vacuum inside the glass 

envelope (Pgas = 10
-5

 mb), which implies that gas convection and/or conduction is almost 

completely suppressed inside the glass. As it was shown in Chapter 3 that most of the tested 

vacuum tubes were found to have higher U-values corresponding to the presence of certain 

amount of gas in the glass envelope, and also in Chapter 4 a detailed analysis was presented 

concerning the non-uniform flow distribution amongst the individual vacuum tubes, it is 
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necessary to quantify the net effect of vacuum deterioration and mass flow rate on the collector 

efficiency.   

It was found that U-values for hydrogen in the glass at various pressures (in the range of 

0.015-0.025 mbar) fit reasonably well the experimentally obtained U-value curves (see Fig. 3.12). 

Therefore, hydrogen present in the glass envelope can be used to represent a particular vacuum 

tube with vacuum leakage. Fig. 5.12 shows the dependence of the collector thermal efficiency 

with the heat loss parameter (Tm-Ta)/Gav for M = 78 kg/m
2
 hr and increasing hydrogen pressure 

and the corresponding U-values. It can be seen that the effect of vacuum leakage on the efficiency 

drop is marginal at low temperatures (i.e. (Tm-Ta)/Gav < 0.02) but the drop increases significantly 

with increasing operating temperatures. The variation of gas pressure with the temperature is not 

accounted here for the calculation of ηc.  

 

Figure 5.12: Efficiency variation with heat loss parameter (Tm-Ta)/Gav for different amount of gas pressure, 

at M = 78 kg/m
2
 hr. 

5.4.2 Effect of Vacuum Deterioration with Varying Flow Rate on Collector Efficiency  

For an inlet fluid temperature of 80 
o
C, Fig. 5.13 shows the effect of varying flow rate on 

collector performance with increasing gas pressure (vacuum leakage). The efficiency drop for PH2 

= 10
-5

 mb is 7.3 % from M = 78 to 18 kg/m
2
 hr, while, for the same mass flow range at PH2 = 

0.025 mb the drop is 13.4 %; leakage results in a higher efficiency loss for the same reduction in 

flow rate. The efficiency curve levels off at M = 78 kg/m
2
 hr and beyond and there is no more 

efficiency gain by further increase in flow rate.  
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Figure 5.13: Efficiency versus fluid mass flow rate for different amount of gas pressure, Tfi = 80 
o
C. 

5.5 CFD Analysis 

The validity of selected hydraulic diameter (DH,Hp-o/i) and Nusselt numbers used for the 

calculation of hf-outer and hfo in the mathematical formulation are assessed by means of CFD 

analysis. Temperature distribution of the fluid inside the whole length of coaxial pipe was used as 

the basis for comparing the simulated and mathematical results. 

5.5.1 CFD Model 

The problem was defined in two ways. Initially, a 3D model of the absorber plate attached 

to the copper piping is built in GAMBIT and simulated in FLUENT to calculate the temperature 

distribution in the fluid. The problem is simplified for the FLUENT analysis such that the overall 

net heat gain on the absorber surface calculated theoretically (Eq. 5.4) is used to define a constant 

net heat flux on the absorber surface as a wall boundary condition, as displayed in Fig. 5.14a. 

However, due to a very small thickness of the absorber plate (0.2 mm) fine meshing was needed, 

and the simulation took quite a long time for the solution to converge. Therefore the problem had 

to be further simplified. 

The same problem is defined in a simpler way by modeling only coaxial pipe without 

absorber plate and using a uniform heat flux on the outer wall as shown in Fig. 5.14b. Although 

this is not the same physics as the solar collector where the net heat absorbed on the absorber 

plate (Gav - U(Tpm-Ta)) is conducted to the fluid in the pipe not with the same heat flux over the 

whole perimeter, this simplification is reasonable due to the good heat conduction of the copper 

pipe. 
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Figure 5.14: Problem definition for CFD Analysis 

A complete 3D meshed model of the coaxial pipe, including inner and outer pipe walls was 

built in GAMBIT to have a realistic representation of the actual pipe, as shown in Fig. 5.15. 

Structure mesh (Hexahedron) was used to have regular meshing. As described earlier in Section 

4.3.1, the quality of mesh was evaluated based on the criteria of Equiangular Skew (QEAS) and 

Equisize Skew (QEVS). For more than 90% of the volume the QEAS and QEVS are lower than 

0.4, which ascribes a good-quality mesh for simulation of the developed model. 
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Figure 5.15: Exploded view of the 3D meshed model of the coaxial pipe in GAMBIT 

After meshing the grid was exported into Fluent 6.3.2 for simulations to estimate the fluid 

heat gain and temperature distribution in the fluid. Computations based on steady-state, pressure 

based, and implicit formulation, were carried out. Viscous model based on laminar condition is 

used for Re < 2300. Fluid properties of Tyfocor LS (specific heat, thermal conductivity, density 

and dynamic viscosity) are given in the form of equations as a function of fluid temperature. Mass 

flow rate was used as inlet boundary condition and pressure outlet was used as the outlet 

boundary condition. A uniform heat flux Φ at the outer wall of outer pipe (see Fig. 5.14b) was the 

other input parameter defined in FLUENT. SIMPLE algorithm is used for pressure-velocity 

coupling. Both 1
st
 and 2

nd
 order upwind methods were opted for discretization of the momentum 

equation, but showed a negligible effect on the results. Standard discretization scheme is selected 

for pressure. Default values for all under-relaxation factors were applied. The convergence 

criterion of 0.001 was selected for the continuity and momentum equations and 1×10
-6

 for energy. 

5.5.2 Mathematical Model 

A steady state one dimensional mathematical model was developed for the problem defined 

in Fig. 5.14b which is same as in Figs. 5.2 and 5.3 with the difference that there is no net heat 

absorbed but a constant heat flux on the outer pipe wall. This comparison is made to check the 

Nu-correlations and definitions of hydraulic diameters.  

For a uniform heat flux Φ on the outer surface of outer pipe, the heat gain of the fluid 

flowing in the coaxial pipe is given as: 

Qf-net = Φ(πDoL) =  Uout(πDoL)(Tpw-Tfm-outer)  5.21 
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where Tpw is the pipe wall temperature and Uout is the overall heat transfer coefficient from the 

outer pipe wall to fluid inside annulus, which is defined as follows: 

     
 

 
  

  
  

 
        

   
  

  
    

  

  
 

 5.22 

The net heat gain of the fluid in the outer and inner pipe can be expressed as:  

Qf-outer = Qf-net-Qf-inner 5.23 

Qf-inner = Uin(πdoL)(Tfm-outer-Tfm-inner) 5.24 

where, Uin is the overall heat transfer coefficients for the outer to the inner pipe fluid which is 

same as Eq. 5.10. Eqs. 5.21 to 5.24 can be solved iteratively for unknown temperatures using the 

same Nusselt numbers as defined in Section 5.3.2. By following the similar procedure of dividing 

the whole pipe into finite number of small elements (Section 5.3.3) the temperature distribution in 

the fluid can be determined. 

5.5.3 Comparison of Results 

Figs. 5.16, 5.17 and 5.18 show the calculated and simulated (FLUENT) fluid temperature 

distribution for three different mass flow rates. In each case, the inlet fluid temperature is 80 
o
C 

(353 K) and the heat flux on the outer pipe is 1200 W/m
2
. For the same Nusselt numbers in the 

laminar range for annulus and inner pipe (Section 5.3.2, Fig. 5.3) the temperature distribution is 

computed theoretically for the cases of hydraulic diameters based on heated and wetted perimeters 

(DH,Hp, DH,Wp).  
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Figure 5.16: Comparison of theoretical and simulated fluid temperature profiles along the length of coaxial 

piping for ṁ = 8.3 kg/hr.  

 

Figure 5.17: Comparison of theoretical and simulated fluid temperature profiles along the length of coaxial 

piping at for ṁ = 3.2 kg/hr.  
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Figure 5.18: Comparison of theoretical and simulated fluid temperature profiles along the length of coaxial 

piping at for ṁ = 2.13 kg/hr. 

As can be seen from above Figs. 5.16, 5.17 and 5.18 that the theoretically calculated fluid 

temperature profile for hf-outer/o based on the wetted perimeter DH,Wp-o/i departs significantly from 

the CFD simulation at all the mass flow rates in the laminar range while it agrees quite well for hf-

outer/o based on the heated perimeter DH,Hp-o/i . The described CFD based analysis affirms the use of 

the hydraulic diameter based on heated or cooled perimeter in the annulus for the calculation of 

convective heat transfer coefficient for the analytical modeling of coaxial vacuum tube solar 

collector. The CFD results also strengthen the probability of correctness of the Nusselt numbers 

used in Section 5.3.2 from Kakac et al. (1987) for the fully developed laminar flow in the circular 

and annulus duct.  

5.6 Model Validation 

The model results for single-phase flow are compared with the experimental results of 

Glembin et al. (2010). They performed experiments on two groups of collectors placed in a 

horizontal position. Each group of collector consists of 30 vacuum tubes connected in parallel in a 

reverse return arrangement to a dual manifold system, and Tyfocor LS was used as the working 

fluid. Fig. 5.19 shows the theoretical and experimental efficiency for a flow rate of 78 kg/m
2
.hr and 

available radiation of 800 W/m
2
. Glembin et al. (2010) also showed that at 78 kg/m

2
.hr the flow 

distribution amongst the 60 parallel connected tubes has a marginal effect on the efficiency as 

compared to the case of uniform flow distribution. Therefore, the experimental efficiency curve in 

Fig. 5.19 can be compared with the model for single tubes considered in this study, with the 

exception of the heat losses in the header pipes which are not regarded in the model. 
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Figure 5.19: Theoretical and experimental efficiency curves at M = 78 kg/m
2
 hr and Gav = 800 W/m

2
. 

It can be seen form Fig. 5.19 that the theoretical efficiency for the case of good vacuum 

(Pgas=10
-5 

mb, hc-t/b-pg ≈ 0) deviates markedly (up to 20 % at (Tm-Ta)/Gav = 0.14) from the 

experimental efficiency with increasing collector temperature. By assuming negligible 

degradation of radiative properties of the collector materials and negligible contribution of heat 

losses in the header pipes, it can be assumed that the vacuum has deteriorated inside the glass 

envelope. Hence, for the case of gas present at some pressure inside the glass envelope (for 

example hydrogen or air at a pressure of 0.01 mb or 0.017 mb, respectively) corresponding to the 

convective heat transfer coefficient (hc-t/b-pg) in the range of 0.75‒0.8 W/m
2
 K, the theoretical 

efficiency agrees well to the experimental efficiency curve within the limits of experimental 

uncertainty, over the entire temperature range. This refers to an increase in the thermal 

conductivity of gas in the pressure range of 0.001 mb to 1 mb in the non-continuum range, where 

the mean free path of gas molecules are comparable or greater than the characteristic length of 

heat transfer also characterized by the Knudsen number as described in detail in Chapter 3 

(Section 3.4.4).  

The trend of the theoretical efficiency curves of Figs. 5.12 and 5.19 with increasing gas 

conduction agrees well with the results of Estrada-Gasca et al. (1992) and Sawhney et al. (1984). 

Therefore, questions arise regarding the vacuum durability and the quality of production of the 

tested tubes or any major simplification or assumption in the modeling procedure, which is left to 

be investigated.  

Concluding remarks for this and next chapter are given at the end of chapter 6. 
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Chapter 6 : Two Phase Flow Modeling and Analysis 

This chapter is a continuation of the previous chapter; here single phase flow analysis is 

extended further to account for the two-phase flow and the resulting boiling and condensation of 

the working fluid within the coaxial piping. 

For certain constant input conditions, as the mass flow rate through an individual direct 

flow-type vacuum tube collector in a collector panel is reduced the fluid can reach the boiling 

point at the corresponding pressure, which results in a two-phase fluid flow. This phenomenon is 

also known as “partial stagnation”. Solar collectors used in high-temperature application such as 

solar cooling, are particularly prone to the occurrence of partial stagnation.  

6.1 Two Phase Flow Modeling  

The same modeling procedure as described in Section 5.3 and Fig. 5.5 is used except for 

introducing certain conditions in the calculation program to account for the two-phase flow. When 

the fluid mean temperature at any location reaches the saturation temperature of the fluid for the 

corresponding pressure, flow boiling will begin. The rate of heat transfer then is usually much 

higher than in ordinary single-phase flow, and different correlations are required to predict the 

heat transfer coefficients. The two-phase flow is more complicated physically than single phase 

flow; therefore, approximations with regard to dynamics of fluid flow have to be introduced. The 

following conditions/assumptions with regard to the occurrence and propagation of two-phase 

flow through a horizontally placed collector are assumed: 

 Stable two-phase flow mode is assumed, i.e, the fluctuations of temperature and pressure 

during unstable two-phase flow is neglected. 

 

 Only the fluid flowing in the outer pipe (annulus) can reach the boiling point as the fluid 

in the inner pipe is always receiving heat from the annulus and therefore, is always at a 

lower temperature than the fluid in the annulus (see Fig. 6.1). Therefore, if saturated 

conditions occur, the local fluid temperature in the outer pipe is set equal to the saturation 

temperature and the two-phase boiling heat transfer coefficient htp-boil is determined at the 

outer wall of the annulus. It will replace hf-outer in Eq. (5.7) and the latent heat gain of the 

annulus fluid (Qf-outer-i) is calculated from Eq. (5.3).  

 

 The fluid temperature in the inner pipe is less than the saturation temperature of the fluid 

in the annulus; therefore, condensation takes place at the inner pipe wall as depicted in 
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Fig 6.1. The two-phase condensation heat transfer coefficient htp-cond, is determined at the 

outer wall of the inner pipe and replaces hfo in Eq. (5.10) for calculating the heat gain of 

the fluid flowing in the inner pipe.   

 

Figure 6.1: Boiling and condensation in the absorber piping at saturated condition. 

 One of the prime variables in saturated forced convective boiling is the vapor quality or 

the weight fraction vaporized x. It can be calculated with using the latent heat hfg from the 

heat gain of the fluid between two locations within the pipe as:  

Qlatent =    (h2-h1) =    [(hf+x2hfg)-(hf+x1hfg)] =    hfg (x2-x1) 6.1 

During iterations, when the calculated local mean fluid temperature in the outer pipe Tfm-

outer-i (see Fig. 5.4) for any element exceeds the saturation temperature Tsat, it is set to Tsat and the 

heat gain of the fluid in the outer pipe is calculated based on the boiling heat transfer coefficient 

htp-boil. The vapor quality for each elemental section then is computed using Eq. (6.1), as illustrated 

in Fig. 6.2. 

 

Figure 6.2: Evaluation of vapor quality in each element. 

For instance, when the fluid at the exit of the inner pipe reaches the saturation temperature, 

the vapor quality at the inlet of the first element x1i is assumed to be zero and the vapor quality of 

fluid flowing out of the 1
st
 element x1o is equal to the vapor quality of the fluid flowing into the 2

nd
 

element x2i. It is given by: 
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In the second element, the total vapor fraction x2 is calculated from the total heat absorbed from 

the absorber Qabs-2 , 

       
      

     
 6.3 

However, a part of it is condensed on the cold inner pipe. The vapor quality at the exit of element 

2, therefore, is calculated from the net heat absorbed of the outer pipe fluid Qf-outer-2, which 

includes the transfer to the inner pipe with the respective condensation. It is expressed as: 

            
          

     
 6.4 

Similarly, for the last pipe element (n+1), with no connection to the absorber: 

                
              

     
 6.5 

The fluid will remain in two-phase until the vapor quality x again becomes zero. 

6.1.1 Boiling and Condensation Heat Transfer Coefficient (htp-boil, htp-cond) 

In view of above discussion, the emphasis here is to use appropriate correlations for 

estimating boiling and condensation heat transfer coefficients at the outer and inner wall for a 

fluid flowing through the annulus, respectively. In low velocity horizontal flows, the heat transfer 

coefficient varies around the duct’s periphery as well as along the length of the tube. There are a 

number of correlations available in the literature for predicting flow boiling and condensation heat 

transfer coefficients inside a flow channel. Data are scarce for a flow of water through annulus 

tubing under low heat flux (Φ → 1 kW/m
2
), at very low quality (x → 0‒0.3), and for very low 

Reynolds numbers approaching to as low as 100 corresponding to a mass flux in the range of 

5‒15 kg/m
2
 sec. Different correlations have been studied with regard to evaporation and 

condensation. These correlations are described here briefly: 

Chen’s correlation (1966) for saturated boiling heat transfer is applicable to vertical flows 

only. Shah (Collier and Thome, 1994) developed equations to represent his chart method for 

estimating the boiling heat transfer coefficients using the boiling number Bo and the convection 

number Co; valid for both vertical and horizontal channels. Kandlikar (1990) developed a 

correlation for predicting the saturated flow boiling heat transfer coefficient inside horizontal and 

vertical tubes by incorporating a fluid-dependent parameter Ffl in the nucleate boiling term. 

Gungor and Winterton (1986) developed a simpler correlation which can predict flow boiling heat 

transfer for saturated and sub cooled conditions, vertical and horizontal flow, for tubes and annuli. 

All these correlations were developed based on data for relatively high liquid Reynolds numbers. 

In these correlations, the turbulent flow correlation (Dittus-Boelter) is used to find the heat 

transfer coefficient for liquid single phase flow. Lately, Zhang et.el (2005) developed a 

correlation for flow boiling at low liquid Reynolds number for small diameter channels but the 

applicability of the correlation for an annulus flow is not discussed.  

As shown in Fig. 6.1, condensation will occur in the annulus at the outer wall of the inner 

pipe (i.e. inner wall of the annulus),), which is assumed as a “horizontal in-tube condensation” 
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having a hydraulic diameter DH,hp. For condensation occurring inside a pipe, the local condensing 

heat transfer coefficient varies appreciably depending upon how the condensate is distributed 

within the pipe, i.e. the pattern of flow (e.g. annular flow, wavy flow, slug flow, stratified flow, 

etc.). Shah (1979) developed a simple dimensionless correlation for predicting heat transfer 

coefficients during film condensation inside pipes and verified with a wide variety of 

experimental data. However, Shah restricts the application of the correlation for annuli in the 

laminar range (Re < 3000). Akers (Collier and Thome, 1994) presented an empirical method 

based on data for several refrigerants, valid for the calculation of the local condensing coefficient 

in the horizontal circular tubes for the whole range of vapor quality.  

All the above-mentioned  correlations only closely approximate but not exactly match the 

ranges of heat flux Φ, mass flux G, and quality x, encountered in the present study. In addition, no 

specific correlation can be found for a fluid condensing inside the annulus only due to the cold 

inner wall of the annulus, having a hot outer wall without condensation. Each of these correlations 

predicts different values of heat transfer coefficients. Therefore, initially, Shah and Akers 

correlation are used for estimating the boiling and condensation heat transfer coefficients, 

respectively. Later, a sensitivity analysis is performed by choosing a range of fixed values of 

boiling and condensation heat transfer coefficients for the whole two-phase region to analyze the 

overall effect of the numerical values of these coefficients on the collector’s thermal performance. 

Shah’s correlation for saturated boiling  

Shah (Collier and Thome, 1994) proposed a correlation in graphical form using the boiling 

number Bo, and the convection number Co. Later he presented equations to fit the chart 

correlations. These equations are used for estimating the two phase heat transfer coefficient as it is 

easier to implement in a computer program. The method is detailed in Appendix C. 

Akers correlation for in-tube condensation 

Akers (Collier and Thome, 1994) correlation for horizontal in-tube condensation is expressed 

as: 

                 

  
     

    
   

 6.6 

DH,hp is the hydraulic diameter based on the heat transfer perimeter, Prf is the Prandtl number, and 

the equivalent Reynolds number (Ree = DeGe/μf) for the two-phase flow is calculated for an 

equivalent mass flow-rate defined as: 

             
  

  
 

   

  6.7 

where G is the total mass flow rate. The values of parameters C and n are as follows: 

C = 0.0265 and n = 0.8 for Ree > 50,000 

C = 5.03 and n = 1/3 for Ree < 50,000 

The complete modeling scheme incorporating both single and two-phase flows for a certain 

boiling temperature (Tsat) is presented in the form of a simple flow diagram as shown in Fig. 6.3. 
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The calculation program alternates between single and two-phase flow depending upon the fluid 

temperature Tfm-outer-i and vapor qualiy xi in the outer pipe of each element i. 

 

Figure 6.3: Algorithm for single and two-phase flows 

6.2 Modeling Results and Discussion for Two Phase Flow 

The simulations are performed and results are presented here for the same set of input 

parameters as described in Section 5.4 and tube division of 55 elements (see Fig. 5.6).  

Fluid temperature and the corresponding vapor quality variations in the two-phase region for 

flow rates of 23, 20 and 15 kg/m
2
 hr are illustrated in Figs. 6.4 and 6.5. 
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Figure 6.4: Fluid temperature variation along the tube length (htp-boil based on Shah’s correlation, htp-cond 

based on Akers correlation). 

 

Figure 6.5: Vapor quality variation in the outer pipe along the length of tube (htp-boil based on Shah’s 

correlation, htp-cond based on Akers correlation). 

Fig. 6.4 shows that the fluid in the outer pipe reaches the boiling point and remains at 

saturated temperature for a certain length of pipe until the vapor quality is zero again as shown in 

Fig. 6.5. With decreasing flow rate from 23 to 12 kg/m
2
 hr, the two-phase flow region is 

increasing with the corresponding increase of the vapor quality. It can be seen that the vapor 

fraction produced in the 2-phase region is very small (x < 0.1), which can be regarded as the low 

quality region in the wording of two-phase flow. After complete condensation of the vapor the 
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fluid enters in the all-liquid phase region again and the outer pipe fluid temperature decreases 

before the exit. At 12 kg/m
2
 hr, the fluid has not condensed fully and leaves the tube as two-phase 

flow. 

The profiles of fluid net heat gain along the tube length for M = 23, 20 and 12 kg/m
2
 hr are 

drawn in Fig. 6.6, 6.7 and 6.8. In the two-phase region (or partial stagnation), there is latent heat 

gain of the fluid flowing in the outer pipe Qf-outer-i which corresponds to vapor generation as 

illustrated in Fig. 6.5. On the other hand, there is always sensible heat gain of the fluid in the inner 

pipe Qf-inner-i which is increasing towards the tube exit with increasing fluid temperature difference 

in the inner and outer pipe.  

 

Figure 6.6: Fluid heat gain in each elementary section i, (for M = 23 kg/m
2
 hr, htp-boil based on Shah’s 

correlation, htp-cond based on Aker’s correlation) 
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Figure 6.7: Fluid heat gain in each elementary section i, (for M = 20 kg/m
2
.hr, htp-boil based on Shah’s 

correlation, htp-cond based on Aker’s correlation) 

 

Figure 6.8: Fluid heat gain in each elementary section i, (for M = 12 kg/m
2
 hr, htp-boil based on Shah’s 

correlation, htp-cond based on Aker’s correlation) 
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Fig. 6.9 gives the variation of the efficiency with mass flow rate for both single and two-

phase flows. In the single-phase region, the collector efficiency has decreased by 4 % with 

decreasing mass flow rate from 78 to 25 kg/m
2
 hr. In the two-phase region (partial stagnation), the 

collector efficiency does not reduce anymore and stays almost at the same level with decreasing 

flow rate provided the fluid re-condenses completely inside the collector piping before exit. By 

lowering the mass flow rate even below 13 kg/m
2
 hr, the fluid leaves the collector tube as two-

phase flow with stored latent heat, thereby showing a decrease in efficiency. One can expect that 

this latent heat will later be released in the header piping or other cold places in the whole 

collector circuitry, which will re-establish the high efficiency. 

 

Figure 6.9: Efficiency variation with mass flow rate for single and two phase flow regions. 

Fig. 6.10 shows the collector efficiency versus mass flow in the two-phase region for 

different saturation temperatures. Again, the variation in collector efficiency is very small. The 

starting and end point of each efficiency curve specifies the minimum mass flow rating for setting 

off and termination of the two-phase flow within the collector piping, respectively. 
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Figure 6.10: Efficiency variation with mass flow rate under two phase flow for different saturation 

temperatures (htp-boil based on Shah’s correlation, htp-cond based on Akers correlation). 

So far, in all two-phase flow calculations, Shah and Akers correlations are used for 

estimating the boiling and condensation heat transfer coefficients, respectively, the accuracy of 

which is still in question. Therefore, calculations are performed for a range of arbitrary fixed 

values of boiling and condensation heat transfer coefficients for the whole two-phase region and 

their effect on the overall heat gain of the collector tube is investigated. Fig. 6.11 shows the 

efficiency for M = 20 kg/m
2
 hr plotted against the two-phase condensation heat transfer 

coefficient for three values of the boiling heat transfer coefficient. 

 

Figure 6.11: Efficiency variation with htp-cond for different values of htp-boil at M = 20 kg/m
2
 hr and Tsat = 127 

o
C. 

It can be seen from Fig. 6.11 that the efficiency remains same for all the values of htp-boil 

versus the whole range of htp-cond from 800 to 5000 W/m
2
 K. It is due to the weak dependency of 

convective heat transfer coefficient on collector efficiency factor Fc (see Eq. 5.7) whose value is 

always between 0.99 and 1 for htp-boil between 800 and 4000 W/m
2
 K. 
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6.3 Model Validation 

The reliability of the proposed modeling procedure for two-phase flow analysis is checked 

with the experimental results of Glembin et al. (2011). They measured the collector efficiency 

under partial stagnation of different intensities and found that at a horizontally arranged collector 

the efficiency readings during partial stagnation are within the uncertainty range of the efficiency 

curve without partial stagnation. It can be seen in Fig. 6.12 that the calculated efficiency under 

partial stagnation at different points for different boiling temperatures are within the uncertainty 

range of the experimental efficiency curve, which validates the model for two-phase flow. It has 

to be mentioned that, here again, a remaining gas pressure of 0.01 mb was assumed to prevail in 

the tube. 

 

Figure 6.12: Experimental efficiency curve at Gav = 900 W/m
2
, M = 78 kg/m

2
 hr by Glembin et al. (2011) 

and calculated efficiency points for two-phase flow. 
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properties of the working fluid and collector materials. The study was focused to one particular 
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outlet temperature definitely is not the highest fluid temperature in the collector. The collector 

efficiency decreases with decreasing mass flow rate in the single-phase range. However, no 

reduction in efficiency during partial stagnation was found, except for the cases of vapor leaving 

the collector prior to re-condensing. Due to the coaxial structure of absorber piping, the resulting 

two-phase flow in the outer collector piping releases its latent heat to the cold inner pipe at a 

higher heat transfer rate than the single-phase flow, which leads to efficiency improvement. The 

proposed modeling scheme based on discretization of the collector tube into a finite number of 

small elements will be useful in general for other absorber configurations to account for the two-

phase flow. 

By comparing with the measured efficiency curves for single phase flow, the study 

addressed the sensitiveness of the overall heat loss coefficient (U-value) due to gas conduction 

inside the glass envelope and the consequent sharp decrease in collector efficiency. Modeling 

results pointed out the presence of gas at low pressures inside the evacuated glass envelope of the 

tested tubes. Therefore, key questions have originated due to the disagreement between the 

theoretical and experimental efficiency for single phase flow for the case of negligible gas heat 

conduction inside the glass envelope, which needs further investigation. For two-phase flow, the 

modeling results agree well with the experimental observations. 
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Chapter 7 : Whole Collector Analysis and Design 
Recommendations 

So far, various thermal aspects of the coaxial vacuum tube solar collector were analyzed for 

an individual collector tube which is usually connected in parallel or series in the form of small or 

large groups in a huge solar collector field. The hydraulics of the collector array was studied 

separately from the thermal analysis. The experimental analysis and developed numerical models 

based on simplifying assumptions for U-value evaluation, flow distribution, and thermal 

performance estimation for single and two-phase flow can be used in conjunction to predict and 

analyze the whole collector performance for any number of tubes installed in a collector group. 

This chapter intends to conclude from the analysis and measurements of a single vacuum 

tube collector to the whole array consisting of a number of tubes connected in parallel (see Fig. 

2.2) where the flow within each row is not same. In this way, performance predictions about the 

whole collector field can be made.  

7.1 Assumptions and Input Conditions 

For conducting the whole collector analysis, following conditions were assumed: 

 The isothermal flow distribution at 80 
o
C for U and Z-configurations is used as a 

reference to estimate the individual flow rate through each vacuum tube in a collector 

array.  

 Partial stagnation is not considered here for the whole collector analysis, as it was 

established that boiling (or two-phase flow) doesn’t cause any significant increase or 

decrease of collector efficiency provided the working fluid re-condenses within the 

collector. 

 Heat losses in the header pipes (inlet and outlet manifolds) are not regarded. 

 Input parameters for a normal summer day and typical operation conditions of the single 

effect absorption chillers are used for the calculations. These are listed in Table 7.1. Other 

geometrical and thermal properties are same as defined in Table 5.1. 
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Table 7.1: Input parameters for whole collector analysis 

Description  Specification Unit 

Solar Irradiance, Gav  800 (W/m
2
) 

Effective transmittance-absorptance product (ατ )  0.84 (─) 

Inlet Fluid Temperture, Tfi 80 (
o
C) 

Ambient Temperature, Ta 30 (
o
C) 

Working Fluid Water (─) 

For the above-mentioned  input parameters, the simulations were performed for different 

cases based on collector’s specific flow rate (M in kg/m
2
 hr), number of vacuum tubes (N) 

connected in a collector array, flow configuration (U or Z), and the remaining gas pressure (Pgas-in) 

inside collector envelope. The last feature is motivated by the fact described in Chapter 3 and 5 

that the tested vacuum tubes were found to have higher U-values corresponding to vacuum 

leakage of varying magnitude, which refers to a certain amount of gas present inside the glass 

envelope.  Hydrogen present in the glass envelope at an arbitrary pressure (PH2-in) is used here as a 

reference to represent the vacuum tubes with deteriorated vacuum. The studied cases are defined 

in Table 7.2 where each case is further divided into three sub-parts corresponding to hydrogen 

pressures inside the glass envelope of 10
-5

 mb, 0.01 mb and 0.02 mb. These three gas pressures 

are chosen here to actually represent the vacuum tubes with perfect vacuum conditions, tubes 

tested by Glembin et al. (2010) (Section 5.6), and tubes randomly selected from the installed 

collector field and tested in the laboratory (Section 3.4), respectively. 

Table 7.2: Detail of cases analyzed for the whole collector analysis 

Case No. 
M 

(kg/m
2
 hr) 

No. of tubes 

(N) 

Flow 

configuration 

(U or Z) 

PH2-in 

(mb) 

Case 1 78 60 U 
a. 10

-5
 mb 

b. 0.01 mb 

c. 0.02 mb 

Case 2 78 60 Z -do- 

Case 3 78 30 U -do- 

Case 4 78 30 Z -do- 

Case 5 30 60 U -do- 

Case 6 30 60 Z -do- 

Case 7 30 30 U -do- 

Case 8 30 30 Z -do- 
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Figure 7.1: Flow distribution pattern and flow through each collector tube ṁi in kg/hr, for M = 78 kg/m
2
 hr 

and M = 30 kg/m
2
 hr. a) 60 tubes, Aap = 6.4 m

2
, b) 30 tubes, Aap = 3.2 m

2
. 

7.2 Results and Discussion  

For each of the above-mentioned cases, the collector efficiency and fluid temperatures are 

calculated. Figs. 7.2 to 7.9 for each case are drawn to show the variation of collector efficiency ηc-i, 

outlet fluid temperature Tfo-i and maximum fluid temperature Tf-max-i within the coaxial piping for 

each of the vacuum tubes connected in a collector group consisting of 60 or 30 tubes. The 

common basis for these figures is the uneven flow distribution in the individual tubes which is 

shown in Fig. 7.1. 

For good vacuum conditions (PH2-in = 10
-5

 mb), Fig. 7.2a shows the decreasing trend of 

collector efficiency ηc-i along with the increase in outlet and maximum fluid temperature (Tfo and 

Tf-max)  from tubes 1 to 60. This actually refers to decrease in flow rate from tubes 1 to 60 in U-

configuration. The difference between Tfo-i and Tf-max-i is marginal until 30
th
 tube and then starts to 

increase a bit with the further decrease in individual flow rate. Figs 7.2b and 7.2c show similar 

trends of efficiency and temperature curves but, as expected, the values of efficiency ηc-i drop 

significantly with increasing gas pressure and the resulting higher U-values.  

For case 2 in Fig. 7.3 with Z-configuration and the same mass flow rate as in case 1, 

different temperature and efficiency profiles corresponding to the parabolic flow pattern where 

flow decreases towards the center and increases again towards the end is encountered (See Fig. 

7.1). There is a very marginal difference between Tfo-i and Tf-max-i for all the tubes as the minimum 

flow rate in Z-configuration is only 20% higher than in U-configuration (See Fig. 7.1a). The 

overall collector efficiency ηc for the three gas pressures are almost same for both U and Z-

configurations at M = 78 kg/m
2
 hr. This can be ascribed to the fact that in U-configuration high 

efficiencies due to higher mass flows in tubes 1 to 30 compensate for the reduced efficiency due 

to lower mass flows in tubes 31 to 60.  

Now by reducing the number of collector tubes from 60 to 30 (referring to cases 3 and 4), 

the non-uniformity of the flow distribution decreases (see Section 4.6.5) but the overall collector 
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efficiency ηc for both U and Z-configurations in the considered range of inside gas pressure (PH2-in) 

still remains almost same as for 60 tubes (see Figs. 7.4 and 7.5). This means that at this relatively 

high mass flow of 78 kg/m
2 

hr, the flow configuration (U or Z) and the respective flow non-

uniformity doesn’t affect the collector’s overall efficiency which is due to the fact that minimum 

flow rates ṁi reached in cases 7.2 to 7.5 are high enough and therefore, internal heat transfer 

within the concentric piping is weak. 

Cases 5 to 8 correspond to collector’s specific flow rate of 30 kg/m
2
 hr, which lead to low 

flow rates ṁi in the individual collector tubes but high uniformity of the flow distribution, as 

depicted in Fig. 7.1. It can be seen in Figs. 7.6 to 7.9 that the difference between Tfo and Tf-max is 

significantly higher than for the case of M = 78 kg/m
2
 hr reaching to as high as 23 K (see Fig. 

7.6a). This is due to the increased internal heat transfer and the resulting high fluid temperatures 

within the concentric piping at low flow rates (as demonstrated in Section 5.4).  This also may 

lead to partial stagnation in some of the vacuum tubes depending upon the local pressures and 

boiling temperature of the working fluid. 

As compared to the cases of M = 78 kg/m
2
 hr, there is a significant reduction in collector 

efficiency ηc at M = 30 kg/m
2
 hr from about 3 % for PH2-in = 10

-5
 mb to up to 6 % for PH2-in = 0.02 

mb. This shows that at low flow rate, vacuum leakage contributes to larger extent in efficiency 

reduction.  This is expected to increase even more at high operating temperatures (i.e. (Tm-Ta)/Gav > 

0.08). Again, the number of tubes (60 or 30) and flow configuration (U or Z) have a relatively 

minor influence on the overall collector efficiency ηc.  
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Figure 7.2: Variation of efficiency ηc-i, outlet fluid temperature Tfo-i, and max-fluid temperature Tf-max-i 

variation in each vacuum tube of a collector for case 1. 
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Figure 7.3: Variation of efficiency ηc-i, outlet fluid temperature Tfo-i, and max-fluid temperature Tf-max-i 

variation in each vacuum tube of a collector for case 2. 

a) PH2-in = 10-5 mb → U = 0.92 – 0.94 W/m2 K

b) PH2-in = 0.01 mb → U = 2.35 – 2.36 W/m2 K

c) PH2-in = 0.02 mb → U = 3.58 – 3.59 W/m2 K
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Figure 7.4: Variation of efficiency ηc-i, outlet fluid temperature Tfo-i, and max-fluid temperature Tf-max-i 

variation in each vacuum tube of a collector for case 3. 
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Figure 7.5: Variation of efficiency ηc-i, outlet fluid temperature Tfo-i, and max-fluid temperature Tf-max-i 

variation in each vacuum tube of a collector for case 4. 
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Figure 7.6: Variation of efficiency ηc-i, outlet fluid temperature Tfo-i, and max-fluid temperature Tf-max-i 

variation in each vacuum tube of a collector for case 5. 

a) PH2-in = 10-5 mb → U = 0.95 –1.1 W/m2 K

b) PH2-in = 0.01 mb → U = 2.36 – 2.45 W/m2 K

c) PH2-in = 0.02 mb → U = 3.6 – 3.64 W/m2 K
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Figure 7.7: Variation of efficiency ηc-i, outlet fluid temperature Tfo-i, and max-fluid temperature Tf-max-i 

variation in each vacuum tube of a collector for case 6. 
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Figure 7.8: Variation of efficiency ηc-i, outlet fluid temperature Tfo-i, and max-fluid temperature Tf-max-i 

variation in each vacuum tube of a collector for case 7. 
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Figure 7.9: Variation of efficiency ηc-i, outlet fluid temperature Tfo-i, and max-fluid temperature Tf-max-i 

variation in each vacuum tube of a collector for case 8. 
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7.3 Design Recommendations 

Finally, in view of the above discussion and based on the study conducted in the whole 

thesis, following conclusions are made, which can also be interpreted as set of guidelines with 

regard to solar collector design and operation. These will be viable to implement in practice, 

specifically for coaxial vacuum tube solar collectors and in general to other collector 

configurations operating in the medium temperature range (80-150 
o
C) for a solar cooling 

application. 

 Vacuum leakage is found to be the primary reason of observed efficiency loss of the 

vacuum tube collectors. Hence vacuum tubes need to be regularly examined for any 

vacuum leakage using, for example, a simple experimental procedure as described in 

Chapter 3. The deficient tubes should then be replaced or re-evacuated to retrieve the 

desired vacuum level and improved thermal performance. 

 

 Improving the production quality of the vacuum tubes, avoidance of the long periods of 

stagnation conditions which usually lead to very high temperatures of the collector 

materials, and the insertion of appropriate getter material inside the vacuum tubes to absorb 

the desorbed gases in the vacuum space, are some of the key measures, which must be 

adopted to restrain the vacuum loss of the tubes.  

 

 An optimal specific flow rating (M, kg/m
2
 hr) of the collector should be selected by keeping 

in view the required heat and temperature levels to be delivered. Results have shown that 

increasing the flow rating beyond certain value (M > 78 kg/m
2
 hr) doesn’t reveal any 

further increase in the useful heat gain from the collector and may cause other issues like 

cavitation or flow blockages due to increased fluid turbulence in the flow passages. Too 

low flow rate (M < 40 kg/m
2
 hr) results in efficiency reduction due to the peak fluid 

temperature occurring within the collector’s coaxial piping and consequently, higher heat 

losses to the ambient. 

 

 A control strategy can be adopted in practice where flow rate can be varied during the 

whole day based on the required fluid temperatures for the cooling machine. E.g. in the 

morning session of low radiation intensity, collector can be operated at low flow rate to 

reach higher fluid temperature in short time to meet the minimum temperature level for the 

start of cooling machine and later can be increased to avoid efficiency reduction at high 

temperatures and to prevent boiling conditions. 

 

 A combination of low flow rate, high inlet fluid temperature, high radiation level, and low 

operating pressures may lead to the condition of partial stagnation. This doesn’t cause any 

substantial performance penalty provided that the generated vapors condenses within the 

collector, otherwise it may lead to full stagnation at low flow rates, which reduces the 

collector performance drastically as demonstrated experimentally by Glembin et al. (2011). 

 

 Uniformity of the flow distribution in the collector can be improved by having a parallel 

flow connection (Z-configuration) and/or by reducing the number of vacuum tubes in a 
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collector group. If economic aspects and other structural restrictions do not justify the use 

of a large number of collector groups comprising a relatively small number of vacuum 

tubes it is better to connect those in Z-configuration for a large number of tubes in a group. 

It is because of the fact that for the same specific flow rate, the maximum fluid 

temperatures attained in the collector piping is always less for Z than U-configuration, 

which is advantageous to avoid boiling temperatures. 
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Chapter 8 : Overall Conclusions, Contributions and 
Recommendations 

8.1 Conclusions 

The basic aim of the thesis was to find out and quantify the main reasons for possible 

efficiency reduction of a solar collector which is being used to power an absorption cooling 

machine. Based on the monitoring analysis of a special solar cooling plant it was established 

initially that the collector’s performance is one of the key causes of the poor performance of the 

plant, although the quality of the experimental data is quite poor. Especially, no primary energy 

savings were perceptible as compared to the equivalent conventional vapor compression cooling 

system. Therefore, the collector was studied in more detail. The following factors related to direct 

flow coaxial vacuum tube collectors were addressed in the thesis: 

1. Vacuum deterioration of the vacuum tubes and the resultant increased heat loss 

coefficient of the tubes. 

2. Variation of mass flow rate through the individual collector tubes. 

3. Partial stagnation or occurrence of two-phase flow in the direct flow solar collectors. 

4. Non-uniform flow distribution within a solar collector. 

In the quest of analyzing the above-mentioned performance degradation factors, new 

numerical and experimental methods have been developed to examine the thermal and hydraulic 

performance of the solar collectors. Although the main focus of the thesis was on the coaxial 

vacuum tube solar collector, the demonstrated methods are pertinent and can be adopted in 

practice for other collector geometries.  

Based on the obtained results for the most typical conditions of the solar cooling operation, 

following are the core findings of the present research with respect to the above-mentioned factors, 

which are described here in order of their significance: 

 Vacuum leakage and the consequent gas conduction within the vacuum tubes is 

established as the major factor for the reduced efficiency of the vacuum tube 

collectors. 

  

 For single phase liquid-flow, collector efficiency decreases with decreasing specific 

flow rating from 78 kg/m
2
 hr to 10 kg/m

2
 hr owing to the non-linear temperature 

profile across the coaxial passage of the collector in the longitudinal direction and 

pronounced increase in the fluid temperature, which explains the increasing heat 

losses to the ambient. 
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 Partial stagnation or flow boiling in the coaxial piping of the collector does not give 

rise to any efficiency reduction except for the cases of vapor leaving the collector 

prior to re-condensation. 

 

 At high flow rating (78 kg/m
2 
hr), the non-uniform flow distribution in the collector, 

has shown a negligible influence on the net heat gain. Effects of flow non-uniformity 

become significant at lower flow rates (e.g. 30 kg/m
2
 hr), but remain in the order of 

only 1 to 2%. 

8.2 Contributions 

Various techniques have been devised in the current thesis to carry out the analysis of 

hydraulic and thermal performance of the solar collector. The main contributions made during the 

course of this thesis are: 

 Based on the collection of on-field measurement data from the installed solar based 

air-conditioning system, implementation of a monitoring procedure based on IEA-

SHC task 38 to assess key performance aspects of the system. 

 

 Development of a novel experimental strategy to evaluate the overall heat loss 

coefficient of the vacuum tube collector. 

 

 Development of an approximate numerical model to estimate the overall heat loss 

coefficient of a coaxial vacuum tube collector for a certain gas present at any 

arbitrary pressure inside the evacuated space. 

 

 Development of a comprehensive steady-state numerical model and its 

implementation in a computer program to analyze the effects of a wide range of input 

parameters.  The model takes into account the variations of flow rate, inlet fluid 

temperature, collector geometry, vacuum level inside the glass envelope, ambient 

conditions, and available solar radiation. 

 

 Computational fluid dynamics (CFD) analysis to study the peculiar effect of the 

coaxial structure of the collector piping on the temperature distribution of the fluid 

for single phase flow. 

 

 Development of a numerical approach to carry out the two-phase flow analysis, by 

modeling the occurrence and propagation of flow boiling and condensation inside the 

collector piping under saturation conditions. 

 

 Development of a novel CFD strategy to simulate the pressure losses for dividing 

and combining fluid flow through a tee junction of a solar collector manifold and use 

them in an analytical model to predict the isothermal and/or non-isothermal flow 
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distribution in the collector consisting of a number of vacuum tubes connected in 

parallel for both U and Z-configurations.   

8.3 Future Recommendations 

The presented methods in this work give a basis for in-depth analysis of solar collectors. 

The work can further be extended to incorporate other aspects, which are of practical interest. 

Most importantly, some of the experimental results from other sources for validation of the 

numerical models were hard to interpret or the experimental uncertainty was large. Discrepancies 

between the measurements and the model calculations were encountered. They were reduced by 

modifying and fitting the model assumptions in a reasonable way. In order to further improve the 

agreement, in the following, recommendations are suggested for future research: 

 Various simplifying assumptions and geometrical simplifications were employed for 

modeling the coaxial vacuum tube solar collector, such as homogeneous glass cover 

temperatures above and below the flat absorber plate, rectangular shape approximation of 

the circular geometry for estimating heat transfer coefficients, same ambient temperatures 

above and below the collector tube, etc. These points would need further investigation.  

 

 The possible presence of different gases within faulty vacuum tubes was highlighted but 

verification for the presence of a certain gas or mixture of gases still is required. 

Therefore, further experimental analysis (e.g. mass spectrometry) can be done to 

incisively determine the nature and pressure of remaining gases. This will be helpful in 

understanding the possible causes of intrusion of gases and their remedies. The numerical 

model can also be checked and modify for correctly estimating the gas conduction in the 

non-continuum range (Pgas-in << 1 mb).  

 

 The numerical model to simulate the thermal performance of the coaxial vacuum tube 

collector showed a significant deviation with increasing operating temperature, from the 

experimental results of Glembin et al. (2010) for the case of good vacuum (Pgas-in = 10
-5

 

mb). The results were found to be in agreement for the case of gas conduction inside the 

glass envelope. To check this further experiments according to EN 12975-2 can be 

performed for efficiency evaluation for those vacuum tubes which showed the lowest U-

value curves comparable to theoretical U-values for Pgas-in = 10
-5

 mb (see e.g. Fig. 3.10). 

This will enable to verify our assumption of vacuum leakage in the tested tubes and/or to 

refine the modeling procedure. 

 

 Further additions and improvements should be made in the numerical model of the 

coaxial vacuum tube solar collector, in order to enhance the capability of the model to 

incorporate and deal with other performance influencing parameters such as: 

 

i. variation of incident angle of the incident solar radiation Gav using the concept of 

Incidence Angle Modifier (IAM) for the beam and diffused fraction of 

insolation, 
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ii. shading effects due to the interception of incident radiation from the neighboring 

tubes, and shadows caused by the tilted flat absorbers within the vacuum tubes 

on adjacent tubes, 

iii. heat losses in the header piping of the solar collector which is made-up of 

dividing and combining manifold and enclosed in an insulation box, 

iv. eccentric nature of the coaxial piping and quantifying its effect on the fluid heat 

gain, as the concentricity of the coaxial piping does not remain perfect in 

practice due to the observed bending of the inner pipe. 

 

 The numerical model of the coaxial vacuum tube collector based on finite-element 

division and accounting for both single and two-phase flows can be utilized for other 

collector geometries like flat or round shaped absorbers connected to U or circular 

straight through piping. This will be helpful in making a comprehensive performance 

comparison between different configurations of the vacuum tube collectors. This can also 

aid in developing user friendly software tools for simulation and analysis of the vacuum 

tube solar collectors in large solar heating and cooling plants.  

 

 The research was limited to a single vacuum tube collector, and a collector group made 

up of 60 tubes. The whole collector circuitry was not studied in the present thesis. 

Therefore, the interdependence of the effects which have been associated with heat losses 

of the storage tank, heat exchanger efficiency, losses in the connecting piping, etc. are left 

to be investigated.  
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Appendix 

Appendix. A 

Measurement Uncertainty of the U-value 

Measurement error is calculated for each point of the U-value curve for a given functional 

relationship of the heat loss of the fluid and the U-value (Eqs. (3.1 and 3.2)). First, the variance in 

Qloss is estimated (Eq. (3.3)) for the corresponding known uncertainties in thermal capacitances of 

water and copper, and the measured temperature drop of the fluid over a minute interval. This is 

then used to find the uncertainty in the U-value for the corresponding uncertainty in temperature 

difference between fluid and ambient (Eq. (3.4)).  

Fig. A-1 exemplifies the error margin by showing the U-value curves for vacuum tubes-1, 7 

and 14. The range of error margin increases with decreasing temperature difference between fluid 

and ambient (Tf  - Ta). 

 

Figure A-1: Estimated measurement error in U-values 
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Appendix. B 

MATLAB Code for Single Phase Flow Analysis 

In the following, as an illustration, MATLAB code is described for the coaxial vacuum tube 

solar collector, which is divided into only three elements as shown in Fig. B-1.  Second and third 

elements can then be divided into any number of small finite lengths (E.g., see Fig. 5.6), by 

changing the indices of all the relevant parameters and by setting the output of one element as 

input to the next element (as explained in Section 5.3.3). 

 

Figure B-1: Collector tube division into 3 elements and energy balance for each element. 

clear all 

clc 

G = input('Enter the value of measured/available Radiation G (W/m2):');   % G= Global radiation 

Abs.Tr = 0.88;   % Abs.Tr = Effective transmittance-absorptance product 

S=Abs.Tr*G;   % S = Total absorbed radiation(W/m
2
) 

 

%% Given Data (Thermophysical properties and geometrical dimensions) 

Ep=0.05;    % Ep = Emissivity of the absorber plate  

Eg=0.88;    % Eg = Emissivity of the glass 

Ec=0.03;    % Ec = Emissivity of the copper (Polished) 

d_gi=0.062;    % d_gi = Inner diameter of glass tube (m) 

d_go=0.065;    % d_go = Outer diameter of glass tube (m) 

W=0.060;    % W = Width of absorber plate (m) 

A_ap= 0.1073;   % A_ap = Aperture area of single vacuum tube (m
2
);  

Do=0.012;    % Do = Outside diameter of outer copper pipe (m) 

Di=0.0104;    % Di = Inside diameter of outer copper pipe (m) 

do=0.006;    % do = Outside diameter of inner copper pipe (m) 

di=0.0053;    % di = Inside diameter of inner copper pipe (m) 
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Ao=pi*(Di^2-do^2)/4;    % A = Inner x-sectional area of outer pipe (m2) 

Ai=pi*(di^2)/4;   % A = Cross-sectional area of inner pip (m2) 

k=386;   % k = Thermal conductivity of copper tube and absorber (W/m.k) 

t_ab=0.0002;   % t_ab = Thickness of absorber plate (m) 

M =78;   % M = Mass flow rate (kg/m2.hr) 

m = (M*6.4/3600)/60;   % m = mass flow per tube (kg/s) 

Ta= input('Enter the value of Ambient Temp, Ta(C):');   % Ta= Ambient temperature(C) 

Ts=Ta;   % Ts = Sky temperature(C) 

Vair= 3;   % Vair = Wind speed (m/sec) 

Fpg_t= 1;   % Fpg_t = View factor for radiation heat transfer from top of absorber to upper half of 

glass cover 

Fpg_b= 1;   % Fpg_b= View factor for radiation heat transfer from bottom of absorber to upper 

half of glass cover 

P=input('Enter the value of inside gas pressure, P:') ;   % P = Pressure of gas inside the vacuum 

tube (Pa) 

Lt=0.01895 ;   % Lt = Characteristic length of gas heat transfer between absorber plate and top 

half of the glass cover (m) 

Lb=0.03116 ;   % Lb = Characteristic length of gas heat transfer between absorber plate and 

bottom half of the glass cover (m) 

R=8.13451;   % R = Universal gas constant (Pa.m^3/K.mol) 

g=9.81;   % g = Gravity (m/s2) 

stb=5.67e-8;   % stb = Stephen Boltzmann constant (W/m2.K4) 

 

%% Element 1 (End part) 

L_abs_1=0.07;   % L_abs_1 = Length of absorber plate (m) 

A_ab_1=L_abs_1*W;   % A_ab_1 = Area of the whole absorber (m2) 

A_g_1=3.14*d_gi*L_abs_1;   % A_g_1= Inner surface area of glass tubes (m2) 

Tfi_inner_1= input('Enter the value of Inlet Fluid Temp, Tfi-inner-1:');   % Tfi_inner_1= Inlet fluid 

temperature to element 1(C) 

Tg_t_1=25;   % Tg_t_1= Glass cover temperature for top half portion (Initially Assumed) (C) 

Tg_b_1=80;   % Tg_b_1= Glass cover temperature for bottom half portion (Initially Assumed) (C) 

Tpm_1=80;   % Tpm_1= Absorber plate temperature (Initially Assumed) (C) 

Tfo_inner_1=82;   % Tfo_inner_1= Outlet fluid temperature from element 1 (C) 

hc_ga_1= ((pi*d_go*L_abs_1/2))/(L_abs_1*W)*(5.7+3.8*Vair); %   hc_ga_1= Convective heat 

transfer coefficient from glass cover to ambient from top or bottom (W/m
2
 K) 

N=400;     % N = Number of iterations for solution convergence 

 

for i=1:N; 

 

%Top half glass cover 

hr_t_pg_1=stb*(((Tg_t_1+273)^2+(Tpm_1+273)^2)*(Tg_t_1+273+Tpm_1+273))/((1-

Ep)/Ep+1/Fpg_t+((1-Eg)*(L_abs_1*W))/(Eg*pi*d_gi*L_abs_1/2));     % hr_t_pg_1= Radiative heat 

transfer coefficient from absorber to glass cover from top (W/m
2
 K) 

%%Convective heat transfer between glass cover and plate 

DT_t_pg_1 = Tg_t_1-Tpm_1;    % DT_t_pg_1 = Temp diff. between top half glass cover and 

absorber plate (K) 

Tt_1=((Tg_t_1+Tpm_1)/2)+273;   % Tt_1= Ave. fluid temp. to estimate fluid properties 
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vis_k_air_1=-1.1555*10^-14*Tt_1^3 + 9.5728*10^-11*Tt_1^2+3.7604*Tt_1-3.4484*10^-6;   % 

vis_k_air_1 = kinematic viscosity of gas (air) at temp. Tt_1. 

den_air_1 = 360.77819*Tt_1^-1.00336;    % den_air_1 = Density of air at temp. Tt_1. 

vis_d_air_1= vis_k_air_1*den_air_1;   % vis_d_air_1= Dynamic viscosity of gas (air) at temp. Tt_1. 

Cp_1= 1.9327*10^-4*Tt_1^4-7.9999*10^-7*Tt_1^3+0.0011407*Tt_1^2-0.4489*Tt_1+1057.5;    % 

Cp_1= specific heat of gas at temp. Tt_1. 

Ko_1=1.5207*10^-11*Tt_1^3 - 4.8574*10^-8*Tt_1^2+0.00010184*Tt_1-0.00039333;    % Thermal 

conductivity of gas (air) at temp. Tt_1. and @ 1 atm 

Ra_1=(g*P^2*Cp_1*Lt^3*airmass^2*DT_t_pg_1)/(vis_d_air_1*Ko_1*R^2*Tt_1^3);    % Ra_1= 

Rayleigh number 

if Ra_1>1700 

Sl=0;    % Sl= Slope of the collector 

Nu_g_1=1+1.44*(1-(1708*(sin(1.8*Sl)^1.6/(Ra_1*cos(Sl))))*(abs(1-

(1708/(Ra_1*cos(Sl))+abs(((Ra_1*cos(Sl))/5830)^(1/3)))-1)));    % Nu_g_1= Nusselt No. for 

top half enclosure  

hc_t_pg_1=((Nu_g_1*Ko_1)/Lt)*2.6;    % hc_t_pg_1= Radiative heat transfer coefficient from 

top of absorber to glass cover  

else 

Alpha1=0.75;    % Alpha1 = Thermal accommodation coefficient for solid gas pair-1  

Alpha2=0.8;    % Alpha2 = Thermal accommodation coefficient for solid gas pair-2 

Gama=1.4;    % Gama = Cp/Cv  

Ared=(Alpha1*Alpha2)/(Alpha1+Alpha2-Alpha1*Alpha2);    %  Ared=(Reduced thermal 

accomodation coefficient 

Mo=0.02897;    % Mo = Molar mass for gas (air) (kg/mol) 

Df=2/(Gama-1);     % Df = Degree of freedom for air 

gp_1=abs(Ko_1*(((8*pi*Mo*Tt_1)/R))^0.5/abs(Ared*(1+Df)*P));    % Kennard’s equation 

K_1=Ko_1*(Lt/(Lt+gp_1));    % Kennard’s equation for estimating thermal conductivity of gas at 

any pressure  

hc_t_pg_1=K_1/Lt;   % hc_t_pg_1 = Convective heat transfer coefficient from absorber to 

glass cover from top or bottom 

end 

R_t_pg_1=1/(hr_t_pg_1+ hc_t_pg_1); 

hr_t_ga_1=((pi*d_go*L_abs_1/2)/(L_abs_1*W))*Eg*stb*((Tg_t_1+273)^2+(Ta+273)^2)*(Tg_t_1+2

73+Ta+273);    % hr_t_ga_1= Radiative heat transfer coefficient from glass cover to ambient from 

top 

R_t_ga_1=1/(hr_t_ga_1+hc_ga_1); 

Ut_1=1/ (R_t_pg_1+R_t_ga_1);    % Ut_1= Top heat loss coefficient 

 

%Bottom half glass cover 

DT_b_pg_1 = Tg_b_1-Tpm_1 ;    % DT_b_pg_1 = Temp diff. between bottom half glass cover 

and absorber plate (K) 

Tb_1=((Tg_b_1+Tpm_1)/2)+273 ;     % Tb_1= Ave. Fluid temp. to estimate fluid properties 

vis_k_air_b_1= 1.1555*10^-14*Tb_1^3 + 9.5728*10^-11*Tb_1^2+3.7604*Tb_1-3.4484*10^-6 ;    % 

vis_k_air_b_1= kinematic viscosity of gas (air) at temp. Tb_1. 

den_air_b_1= 360.77819*Tb_1^-1.00336 ;    % den_air_b_1= Density of air at temp. Tb_1. 

vis_d_air_b_1= vis_k_air_b_1*den_air_b_1 ; % vis_d_air_b_1= Dynamic viscosity of gas (air) at 

temp. Tb_1. 
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Cp_b_1= 1.9327*10^-4*Tb_1^4-7.9999*10^-7*Tb_1^3+0.0011407*Tb_1^2-

0.4489*Tb_1+1057.5;    % Cp_b_1= Specific heat of gas at temp. Tb_1. 

 Ko_b_1=1.5207*10^-11*Tb_1^3 - 4.8574*10^-8*Tb_1^2+0.00010184*Tb_1-0.00039333;     % 

Ko_b_1= Thermal conductivity of gas (air) at temp. Tb_1. and @ 1 atm 

Ra_b_1=(g*P^2*Cp_b_1*Lt^3*m^2*DT_b_pg_1)/(vis_d_air_b_1*Ko_b_1*R^2*Tb_1^3);    % 

Ra_b_1= Rayleigh number 

gp_b_1=Ko_b_1*(((8*pi*Mo*Tb_1)/R)^0.5/(Ared*(1+Df)*P)); 

K_b_1=Ko_b_1*(Lb/(Lb+gp_b_1)); 

hc_b_pg_1=((L_abs_1*W+pi*Do*L_abs_1)/(L_abs_1*W))*K_b_1/Lb;    % hc_b_pg_1 = 

Convective heat transfer coefficient from absorber to glass cover from bottom 

hr_b_pg_1=((L_abs_1*W+pi*Do*L_abs_1)/(L_abs_1*W))*(stb*((Tg_b_1+273)^2+(Tpm_1+273)^2)

*(Tg_b_1+273+Tpm_1+273)/((1-Ec)/Ec+Fpg_b+2*(1-

Eg)*(L_abs_1*W+pi*Do*L_abs_1)/(Eg*pi*d_gi*L_abs_1/2)));    % hr_b_pg_1 = Radiative heat 

transfer coefficient from absorber to glass cover from bottom (W/m
2
 K) 

R_b_pg_1=1/(hr_b_pg_1+ hc_b_pg_1); 

hr_b_ga_1=((pi*d_go*L_abs_1/2)/(L_abs_1*W))*Eg*stb*((Tg_b_1+273)^2+(Ta+273)^2)*(Tg_b_1

+273+Ta+273)    % hr_t_ga_1 = Radiative heat transfer coefficient from glass cover to ambient 

from top 

R_b_ga_1=1/(hr_b_ga_1+hc_ga_1); 

Ub_1=1/(R_b_pg_1+ R_b_ga_1)    % Ub_1 = Bottom heat loss coefficient (W/m
2
 K) 

U_1=Ut_1+Ub_1;    % U_1= Overall heat loss coefficient 

m_Fin_1=abs((U_1/(k*t_ab)))^0.5; 

F_1=tanh(m_Fin_1*(W-Do)/2)/(m_Fin_1*(W-Do)/2);    % F_1 = Fin efficiency factor 

Tfm_1= (Tfi_1+Tfo_1)/2; % Tfm_1= Ave. fluid temp. to estimate fluid properties 

d_f_1=1000*(1-((Tfm_1+288.9414)*(Tfm_1-3.9863)^2)/(508929.2*(Tfm_1+68.12963)));    %   d_f= 

Density of fluid at Tfm_1 (kg/m3) 

v_f_1=m/(d_f_1*Ao);   % v_f_1 = Velocity of fluid (m/sec) 

Vis_f_1=0.0000241*10^(247.8/(Tfm_1+273-140));    % Vis_f_1= Fluid dynamic viscosity at Tfm_1 

Cp_f_1=3092+12.328*(Tfm_1+273)-0.044504*(Tfm_1+273)^2+(0.00005226*(Tfm_1+273)^3) % 

Cp_f_1= Fluid specific heat at Tfm_1 

k_f_1=-0.3623+0.50659*((Tfm_1+273)/100)-0.05805*((Tfm_1+273)^2/10^4)-

0.01527*((Tfm_1+273)^3/10^7)+0.01847*((Tfm_1+273)^4/10^10);    %   k_f = Thermal 

Conductivity of fluid at Tfm_1 (W/m.K) 

Pr_1=Vis_f_1*Cp_f_1/k_f_1;    %   Pr = Prandlt No. 

Re_1=d_f_1*v_f_1*Di/Vis_f_1;     %   Re = Reynold No.  

A=0.0054; 

B=2.3e-8; 

mi=-(2/3); 

f_1=A+B/(Re_1^(1/mi)); 

A1=0.00128; 

B1=0.1143; 

mi1=3.214; 

f1_1=A1+B1/(Re_1^(1/mi1)); 

if Re_1<2300 

Nu_1=7: 

else 

if (2300<=Re_1) && (Re_1<=4000) 

Nu_1=(f_1/2)*(Re_1-1000)*Pr_1/(1+12.7*(f_1/2)^0.5*(Pr_1^(2/3)-1)); 
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else 

if Re_1>4000 

Nu_1=(f1_1/2)*(Re_1-1000)*Pr_1/(1+12.7*(f1_1/2)^0.5*(Pr_1^(2/3)-1)); 

end 

end 

end 

hf_1=k_f_1*Nu_1/Di;        % hf_1 = Convective heat transfer coefficient for single phase fluid flow 

(W/m
2
.K) 

Fc_1=1/(U_1*W*(1/(U_1*(Do+(W-Do)*F_1))+1/(pi*Di*hf_1)));    % Fc_1= Collector efficiency 

factor 

Qp_1=(L_abs_1*W)*(S-U_1*(Tpm_1-Ta));    % Qp_1 = heat absorbed on the absorber plate (W) 

Qf_1=(L_abs_1*W)*Fc_1*(S-U_1*(Tfm_1-Ta));     % Qf_1 = heat gain of the fluid (W) 

Tpm_1=(Ta+S/U_1-(Qf_1/(U_1*L_abs_1*W)));     % Tpm_1 = mean absorber plate temperature 

(C) 

 

T4(i)=Tpm_1; 

Tg_t_1=abs(Tpm_1-(Ut_1*(Tpm_1-Ta)/(hr_t_pg_1+hc_t_pg_1))) 

T1(i)=Tg_t_1 ; 

Tg_b_1=abs(Tpm_1-(Ub_1*(Tpm_1-Ta)/(hr_b_pg_1+ hc_b_pg_1))) 

T2(i)= Tg_b_1; 

Tfo_inner_1=abs(Qf_1/(m*Cp_f_1)+Tfi_inner_1; 

T3(i)=Tfo_inner_1; 

end 

 

%% Element 2 

Tfo_in_2=Tfi_inner_1;  

Tfi_out_2=Tfo_out_1; 

L_abs_2=1.63;    % L_abs_2 = Length of absorber plate (m) 

A_ab_2=L_abs_2*W;    % A_ab_2 = Area of the whole absorber (m2) 

A_g_2=pi*d_gi*L_abs_2;    % A_g_2 = Inner surface area of glass tubes (m2) 

 

hc_t_ga_2=((pi*d_go*L_abs_2/2))/(L_abs_2*W)*(5.7+3.8*Vair)    % hc_ga_2 = Convective heat 

transfer coefficient from glass cover to ambient from top or bottom (W/m
2
 K) 

Tpm_2=80;    % Tpm_2 = Absorber plate temperature (Initially Assumed) (C) 

Tfo_out_2=30;    % Tfo_out_2 = Outlet fluid temperature from outer pipe of element 2 (C) 

Tfi_in_2=40;    % Tfi_in_2 = Inlet fluid temperature from outer pipe of element 2 (C) 

Tg_t_2=25;    % Tg_t_2 = Glass cover temperature for top half portion (Initially Assumed) (C) 

Tg_b_2=30;    % Tg_b_2 = Glass cover temperature for bottom half portion (Initially Assumed) (C) 

 

for i=1:N ; 

 

%% Top half glass cover 

hr_t_pg_2=stb*((Tg_t_2+273)^2+(Tpm_2+273)^2)*(Tg_t_2+273+Tpm_2+273)/((1-

Ep)/Ep+1/Fpg_t+(1-Eg)*(L_abs_2*W)/(Eg*pi*d_gi*L_abs_2/2))    % hr_t_pg_2 = Radiative heat 

transfer coefficient from absorber to glass cover from top (W/m
2
 K) 

DT_t_pg_2 = Tg_t_2-Tpm_2 ;    % DT_t_pg_2 = Temp diff. between top half glass cover and 

absorber plate (K) 
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Tt_2=((Tg_t_2+Tpm_2)/2)+273 ;    % Tt_2 = Ave. fluid temp. to estimate fluid properties 

vis_k_air_2= 1.1555*10^-14*Tt_2^3 + 9.5728*10^-11*Tt_2^2+3.7604*Tt_2-3.4484*10^-6;    % 

vis_k_air_2= Kinematic viscosity of gas (air) at temp. Tt_2. 

den_air_2 = 360.77819*Tt_2^-1.00336 ;    % den_air_2 = Density of air at temp. Tt_2. 

vis_d_air_2= vis_k_air_2*den_air_2 ;    % vis_d_air_2 = Dynamic viscosity of gas (air) at temp. 

Tt_2. 

Cp_2= 1.9327*10^-4*Tt_2^4-7.9999*10^-7*Tt_2^3+0.0011407*Tt_2^2-0.4489*Tt_2+1057.5    

00039333    % Cp_2 = Specific heat of gas at temp. Tt_2. 

Ko_2=1.5207*10^-11*Tt_2^3 - 4.8574*10^-8*Tt_2^2+0.00010184*Tt_2-0. 00039333;    % Ko_2 = 

Thermal conductivity of gas (air) at temp. Tt_1. and @ 1 atm 

Ra_2=(g*P^2*Cp_2*Lt^3*m^2*DT_t_pg_2)/(vis_d_air_2*Ko_2*R^2*Tt_2^3);    % Ra_2= Rayleigh 

number 

if Ra_2>1700 

Nu_g_2=1+1.44*(1-(1708*(sin(1.8*Sl)^1.6/(Ra_2*cos(Sl))))*(abs(1-

(1708/(Ra_2*cos(Sl))+abs(((Ra_2*cos(Sl))/5830)^(1/3)))-1)));    % Nu_g_1= Nusselt No. for 

top half enclosure 

hc_t_pg_2=((Nu_g_2*Ko)/Lt)*2.2;    % hc_t_pg_2= Convective heat transfer coefficient from 

top of absorber to glass cover  

else 

gp_2=Ko_2*abs(((8*pi*Mo*Tt_2)/R)^0.5/abs(Ared.*(1+Df)*P));    % Kennard’s equation 

K_2=Ko_2*(Lt/(Lt+gp_2));    % Kennard’s equation for estimating thermal conductivity of gas at 

any pressure 

        hc_t_pg_2=K_2/Lt;    % hc_t_pg_2 = Convective heat transfer coefficient from absorber 

to glass cover from top or bottom 

end 

R_t_pg_2=1/(hr_t_pg_2+hc_t_pg_2); 

hr_t_ga_2=((pi*d_go*L_abs_2/2)/(L_abs_2*W))*Eg*stb*((Tg_t_2+273)^2+(Ta+273)^2)*(Tg_t_2+2

73+Ta+273)    % hr_t_ga_2 = Radiative heat transfer coefficient from glass cover to ambient from 

top 

R_t_ga_2=1/(hr_t_ga_2+hc_t_ga_2); 

Ut_2=1/(R_t_pg_2+R_t_ga_2);    % Ut_2 = Top heat loss coefficient 

     

%% Bottom half glass cover 

DT_b_pg_2 = Tg_b_2-Tpm_2;    % DT_b_pg_2 = Temp diff. between bottom half glass cover and 

absorber plate (K) 

Tb_2= ((Tg_b_2+Tpm_2)/2)+273 ;    % Tb_2 = Ave. fluid temp. to estimate fluid properties 

vis_k_air_b_2= 1.1555*10^-14*Tb_2^3 + 9.5728*10^-11*Tb_2^2+3.7604*Tb_2-3.4484*10^-6;    % 

kinematic Viscosity of gas (air) at temp. Tb_2. 

den_air_b_2= 360.77819*Tb_2^-1.00336 ;    % den_air_b_2= Density of air at temp. Tb_2. 

vis_d_air_b_2= vis_k_air_2*den_air_b_2 ;    % vis_d_air_b_2=  Dynamic viscosity of gas (air) at 

temp. Tb_2. 

Cp_b_2= 1.9327*10^-4*Tb_2^4-7.9999*10^-7*Tb_2^3+0.0011407*Tb_2^2-

0.4489*Tb_2+1057.5;    % Cp_b_2= Specific heat of gas at temp. Tb_2. 

Ko_b_2=1.5207*10^-11*Tb_2^3 - 4.8574*10^-8*Tb_2^2+0.00010184*Tb_2-0.00039333;    % 

Ko_b_2=  Thermal conductivity of gas (air) at temp. Tb_2. and @ 1 atm 

Ra_b_2=(g*P^2*Cp_b_2*Lt^3*m^2*DT_b_pg_2)/(vis_d_air_b_2*Ko_2*R^2*Tb_2^3);    );    % 

Ra_b_2 = Rayleigh number 

gp_b_2=Ko_2*(((8*pi*Mo*Tb_2)/R)^0.5/(Ared*(1+Df)*P)); 
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K_b_2=Ko_2*(Lb/(Lb+gp_b_2)); 

hc_b_pg_2=((L_abs_2*W+pi*Do*L_abs_2)/(L_abs_2*W))*K_b_2/Lb;    % hc_b_pg_2 = 

Convective heat transfer coefficient from absorber plate to glass cover from bottom 

hr_b_pg_2=((L_abs_2*W+pi*Do*L_abs_2)/(L_abs_2*W))*(stb*(((Tg_b_2+273)^2+(Tpm_2+273)^2

)*(Tg_b_2+273+Tpm_2+273))/((1-Ec)/Ec+(1/Fpg_b)+(((1-

Eg)*(L_abs_2*W+pi*Do*L_abs_2)/(Eg*pi*d_gi*L_abs_2/2)))));     % hr_b_pg_2 = Radiative heat 

transfer coefficient from absorber to glass cover from bottom (W/m
2
 K) 

R_b_pg_2=1/(hr_b_pg_2+hc_b_pg_2); 

hr_b_ga_2=((pi*d_go*L_abs_2/2))/(L_abs_2*W)*Eg*stb*((Tg_b_2+273)^2+(Ta+273)^2)*(Tg_b_2

+273+Ta+273);    % hr_t_ga_2 = Radiative heat transfer coefficient from glass cover to ambient 

from top 

R_b_ga_2=1/(hr_b_ga_2+hc_t_ga_2); 

Ub_2=1/(R_b_pg_2+ R_b_ga_2);    % Ub_2 = Bottom heat loss coefficient (W/m
2
 K) 

U_2=Ut_2+Ub_2;    % U_2 = Overall heat loss coefficient 

m_Fin_2=abs((U_2/(k*t_ab)))^0.5; 

F_2=tanh(m_Fin_2*(W-Do)/2)/(m_Fin_2*(W-Do)/2);    % F_2 = Fin efficiency factor 

Tfm_out_2=(Tfi_out_2+Tfo_out_2)/2;    % Tfm_out_2= Ave. fluid temp. in the outer pipe to 

estimate fluid properties 

Tfm_in_2 = (Tfi_in_2+Tfo_in_2)/2;    % Tfm_in_2 = Ave. Fluid temp. in the inner pipe to estimate 

fluid properties 

d_f_2=1000*(1-((Tfm_out_2+288.9414)*(Tfm_out_2-

3.9863)^2)/(508929.2*(Tfm_out_2+68.12963)));    %   d_f_2 = Density of Fluid at Tfm_out_2 

(kg/m
3
) 

v_f_2=m/(d_f_2*Ao);       %   v_f_2 = Velocity of fluid in outer pipe    V  (m/sec) 

Vis_f_2=0.0000241*10^(247.8/(Tfm_out_2+273-140));    % Vis_f_2 = Fluid dynamic viscosity at 

Tfm_2 

Cp_f_2=3092+12.328*(Tfm_out_2+273)-

0.044504*(Tfm_out_2+273)^2+(0.00005226*(Tfm_out_2+273)^3)    % Cp_f_2 = Fluid specific 

heat at Tfm_2 

k_f_2=-0.3623+0.50659*((Tfm_out_2+273)/100)-0.05805*((Tfm_out_2+273)^2/10^4)-

0.01527*((Tfm_out_2+273)^3/10^7)+0.01847*((Tfm_out_2+273)^4/10^10);    % k_f_2 = Thermal 

conductivity of Fluid at Tfm_2 (W/m.K) 

Pr_2=Vis_f_2*Cp_f_2/k_f_2;    % Pr = Prandlt No. 

Re_2=d_f_2*v_f_2*Di/Vis_f_2;    % Re= Reynold No 

 

%% Outer Pipe 

d_f_out2=1000*(1-((Tfm_out_2+288.9414)*(Tfm_out_2-

3.9863)^2)/(508929.2*(Tfm_out_2+68.12963))); 

v_f_out2=m/(d_f_out2*A_annul); 

Vis_f_out2=0.0000241*10^(247.8/(Tfm_out_2+273-140)); 

Cp_f_out2=3092+12.328*(Tfm_out_2+273)-

0.044504*(Tfm_out_2+273)^2+(0.00005226*(Tfm_out_2+273)^3) 

k_f_out2=-0.3623+0.50659*((Tfm_out_2+273)/100)-0.05805*((Tfm_out_2+273)^2/10^4)-

0.01527*((Tfm_out_2+273)^3/10^7)+0.01847*((Tfm_out_2+273)^4/10^10); 

Re_out2=d_f_out2*v_f_out2*di/Vis_f_out2; 

Pr_out2=Vis_f_out2*Cp_f_out2/k_f_out2;  

f_out2=A+B/(Re_out2^(1/mi)); 

f1_out2=A1+B1/(Re_out2^(1/mi1)); 
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if Re_out2<2300 

Nu_out2=7.2;    % Nu_out2= Nusselt No. at the outer wall of annulus for uniform heat flux 

boundary condition at both walls of the annulus 

Nu_o2=10;    % Nu_o2= Nusselt No. at the inner wall of annulus for uniform heat flux boundary 

condition at both walls of the annulus    

else 

if (2300<=Re_out2) && (Re_out2<=4000) 

Nu_out2=(f_out2/2)*(Re_out2-1000)*Pr_out2/(1+12.7*(f_out2/2)^0.5*(Pr_out2^(2/3)-1)); 

Nu_o2=(f_out2/2)*(Re_out2-1000)*Pr_out2/(1+12.7*(f_out2/2)^0.5*(Pr_out2^(2/3)-1));  

else 

if Re_out2>4000 

Nu_out2=(f1_out2/2)*(Re_out2-1000)*Pr_out2/(1+12.7*(f1_out2/2)^0.5*(Pr_out2^(2/3)-1)); 

Nu_o2=(f1_out2/2)*(Re_out2-1000)*Pr_out2/(1+12.7*(f1_out2/2)^0.5*(Pr_out2^(2/3)-1)); 

end 

end 

end 

D_h_o2_h=((4*A_annul)/(pi*Di));    % D_h_o2_h = Hydraulic diameter based on heated perimeter 

based on outer wall of outer pipe, P_heated = pi*Di 

D_h_o2_R=((4*A_annul)/(pi*(Di+do)));    % D_h_o2_R = Hydraulic diameter based on wetted 

perimeter, P_wetted = pi*(Di+do) 

hf_outer2= k_f_2*Nu_out2/D_h_o2_h;    % hf_outer2 = Convective heat transfer coefficient for 

single phase fluid flow (W/m2.K) 

Fc_2=1/(U_2*W*(1/(U_2*(Do+(W-Do)*F_2))+1/(pi*Di*hf_outer2)));    % Fc_2 = Collector efficiency 

factor 

Qf_2=L_abs_2*W*Fc_2*(S-U_2*(Tfm_out_2-Ta));     % Qf_2 = Heat gain of the fluid (W) 

Qp_2=(L_abs_2*W)*(S-U_2*(Tpm_2-Ta));    % Qp_2 = Heat absorbed on the absorber plate (W) 

Tpm_2=Ta+S/U_2-Qf_2/(U_2*L_abs_2*W);    % Tpm_2 = Mean absorber plate temperature (C) 

T4(i)=Tpm_2; 

Tg_t_2=abs(Tpm_2-Ut_2*(Tpm_2-Ta)/(hr_t_pg_2+hc_t_pg_2)); 

T1(i)=Tg_t_2 ; 

Tg_b_2=abs(Tpm_2-Ub_2*(Tpm_2-Ta)/(hr_b_pg_2+hc_b_pg_2)); 

T2(i)= Tg_b_2; 

 

%% Inner Pipe 

d_f_in2=1000*(1-((Tfm_in_2+288.9414)*(Tfm_in_2-3.9863)^2)/(508929.2*(Tfm_in_2+68.12963))); 

v_f_in2=m/(d_f_in2*Ai); 

Vis_f_in2=0.0000241*10^(247.8/(Tfm_in_2+273-140)); 

Cp_f_in2=3092+12.328*(Tfm_in_2+273)-

0.044504*(Tfm_in_2+273)^2+(0.00005226*(Tfm_in_2+273)^3) 

k_f_in2=-0.3623+0.50659*((Tfm_in_2+273)/100)-0.05805*((Tfm_in_2+273)^2/10^4)-

0.01527*((Tfm_in_2+273)^3/10^7)+0.01847*((Tfm_in_2+273)^4/10^10); 

Re_in2=d_f_in2*v_f_in2*di/Vis_f_in2; 

Pr_in2=Vis_f_in2*Cp_f_in2/k_f_in2;  

f_in2=A+B/(Re_in2^(1/mi)); 

f1_in2=A1+B1/(Re_in2^(1/mi1)); 

if Re_in2<2300 

Nu_in2=4.36;    % Nu_in2 = Nusselt No. at the inner pipe for uniform heat flux boundary 

condition 
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else 

if (2300<=Re_in2) && (Re_in2<=4000) 

Nu_in2=(f_in2/2)*(Re_in2-1000)*Pr_in2/(1+12.7*(f_in2/2)^0.5*(Pr_in2^(2/3)-1)); 

else 

if Re_in2>4000 

Nu_in2=(f1_in2/2)*(Re_in2-1000)*Pr_in2/(1+12.7*(f1_in2/2)^0.5*(Pr_in2^(2/3)-1)); 

end 

end 

end 

hf_i2=k_f_in2*Nu_in2/di;    % hf_i2 = Convective heat transfer coefficient for single phase fluid 

flow at inner wall of inner pipe (W/m2.K) 

D_h_in2_h=((4*Ao)/(pi*do));    % D_h_in2_h = Hydraulic diameter based on heated perimeter 

(P_heated = pi*do ) based on inner wall of outer pipe, 

hf_o2=k_f_2*Nu_o2/D_h_in2_h;    % hf_o2 = Convective heat transfer coefficient for single phase 

fluid flow at outer wall of inner pipe 

U_in=1/((do/di)*(1/hf_i2)+(do/(2*k))*log(do/di)+(1/hf_o2));    % U_in = Overall heat transfer 

coefficient 

DTm_2= Tfm_out_2- Tfm_in_2 ;    % DTm_2= Mean fluid temperature difference in the inner and 

outer pipe  

Qf_inner_2=U_in*pi*do*L_abs_2*DTm_2 ;    % Qf_inner_2= Heat gain of the fluid in the inner 

pipe (W) 

 

Tfi_in_2=Tfo_in_2-(Qf_inner_2/(m*Cp_f_2));     

T5(i)=Tfi_in_2;  

Qf_outer_2 = Qf_2-Qf_inner_2;    % Qf_outer_2= Heat gain of the fluid in the outer pipe (W) 

Tfo_out_2=abs(Qf_outer_2/(m*Cp_f_2)+Tfi_out_2) 

T3(i)=Tfo_out_2; 

end 

 

%% Element 3 

Tfi_out_3=Tfo_out_2; 

Tfo_in_3=Tfi_in_2; 

Tfo=30; 

Tfi=40; 

Lpipe=0.12;    % Lpipe = Length of the pipe (m) 

 

for i=1:N; 

 

%% Outer Pipe 

Tfm_out_3=(Tfi_out_3+Tfo)/2 

Tfm_in_3=(Tfo_in_3+Tfi)/2; 

D_h_o3_h=((4*A_annul)/(pi*do));  

D_h_o3_w=((4*A_annul)/(pi*(Di+do)));  

d_f_3=1000*(1-((Tfm_out_3+288.9414)*(Tfm_out_3-

3.9863)^2)/(508929.2*(Tfm_out_3+68.12963))); 

v_f_3=m/(d_f_3*A_annul); 

Vis_f_3=0.0000241*10^(247.8/(Tfm_out_3+273-140)); 
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Cp_f_3=3092+12.328*(Tfm_out_3+273)-

0.044504*(Tfm_out_3+273)^2+(0.00005226*(Tfm_out_3+273)^3) 

k_f_3=-0.3623+0.50659*((Tfm_out_3+273)/100)-0.05805*((Tfm_out_3+273)^2/10^4)-

0.01527*((Tfm_out_3+273)^3/10^7)+0.01847*((Tfm_out_3+273)^4/10^10); 

Pr_3=Vis_f_3*Cp_f_3/k_f_3; 

Re_3=d_f_3*v_f_55*Di/Vis_f_3; 

f_3=A+B/(Re_3^(1/mi1)); 

f1_3=A1+B1/(Re_3^(1/mi1)); 

if Re_3<2300 

Nu_o3=10; 

else  

if (2300<=Re_3) && (Re_3<=4000) 

Nu_o3=(f_3/2)*(Re_3-1000)*Pr_3/(1+12.7*(f_3/2)^0.5*(Pr_3^(2/3)-1)); 

else 

if Re_3>4000 

Nu_o3=(f_3/2)*(Re_3-1000)*Pr_3/(1+12.7*(f_3/2)^0.5*(Pr_3^(2/3)-1)); 

end 

end 

end 

      

% Inner pipe 

d_f_in3=1000*(1-((Tfm_in_3+288.9414)*(Tfm_in_3-3.9863)^2)/(508929.2*(Tfm_in_3+68.12963))); 

v_f_in3=m/( d_f_in3*Ax); 

Vis_f_in3=0.0000241*10^(247.8/(Tfm_in_3+273-140)); 

Cp_f_in3=3092+12.328*(Tfm_in_3+273)-

0.044504*(Tfm_in_3+273)^2+(0.00005226*(Tfm_in_3+273)^3) 

k_f_in3=-0.3623+0.50659*((Tfm_in_3+273)/100)-0.05805*((Tfm_in_3+273)^2/10^4)-

0.01527*((Tfm_in_3+273)^3/10^7)+0.01847*((Tfm_in_3+273)^4/10^10); 

Re_in3=d_f_in3*v_f_in55*di/Vis_f_in3; 

Pr_in3=Vis_f_in3*Cp_f_in3/k_f_in3; 

f_in3=A+B/(Re_in3^(1/mi)); 

f1_in3=A1+B1/(Re_in3^(1/mi1)); 

if Re_in3<2300 

Nu_in3=4.36;  

else 

if (2300<=Re_in3) && (Re_in3<=4000) 

Nu_in3=(f_in3/2)*(Re_in3-1000)*Pr_in3/(1+12.7*(f_in3/2)^0.5*(Pr_in3^(2/3)-1)); 

else 

if Re_in3>4000 

Nu_in3=(f1_in55/2)*(Re_in3-1000)*Pr_in3/(1+12.7*(f1_in3/2)^0.5*(Pr_in3^(2/3)-1)); 

end 

end 

end 

hf_i3=k_f_in3*Nu_in3/di  

hf_o3=k_f_3*Nu_o3/D_h_o3_h  

U_in_3=1/((do/di)*(1/hf_i3)+(do/(2*k))*log(do/di)+(1/hf_o3))  

Tfm_in_3=(Tfi+Tfo_in_3)/2; 

DTm_3= Tfm_out_3- Tfm_in_3;     
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Qf_inner_3=U_in_3*pi*do*Lpipe*DTm_3;     

 

Tfi=Tfo_in_3-(Qf_inner_3/(m*Cp_f_in3));     

T1(i)=Tfi;  

Tfo=-Qf_inner_3/(m*Cp_f_3)+Tfi_out_3;     

T2(i)=Tfo; 

end 
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Appendix. C 

Shah’s correlation for Saturated Boiling  

(a) Calculate the dimensionless parameter N: For vertical tubes at all values of Frf and for 

horizontal tubes when Frf  > 0.04:  

N = Co C-1 

 For horizontal tubes when Frf  < 0.04, 

N = 0.38Frf
-0.3

Co 
C-2 

Co and Frf are the “Convection Number” and the “Froude Number” respectively and given by the 

following expressions: 

    
   

 
 
   

 
  

  
 

   

 C-3 

    
  

  
       

 
C-4 

(b) Then for N > 1.0, calculate the values of nucleate boiling heat transfer coefficient hNcB, 

and convective heat transfer coefficient hc, from the following expressions and choose the larger 

value for htp-boil: 

For Bo > 0.0003, hNcB/hf = 230Bo
0.5

 
C-5 

For Bo < 0.0003, hNcB/hf =1+46Bo
0.5

 C-6 

hc/hf =1.8/N
0.8

 C-7 

Bo is the boiling number and it is given by the following expressions: 

   
 

    
 C-8 

G is the fluid mass flux, hfg is the enthalpy of vaporization; and ϕ is the heat flux on the outer pipe 

wall of the annulus. It is calculated by dividing the heat gain on the absorber sheet (Equ. (5.4)) by 

the outer surface area of the outer pipe: 

  
    

      
 C-9 

The value of hf for the liquid flow G (1 ‒ x) is also known as the superficial heat transfer 

coefficient of the liquid phase and is given as:  
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hf = hf-outer (1-x) 
C-10 

Instead of using Dittus-Boelter equation, hf-outer is calculated from the Nusselt number for fully 

developed, laminar, single-phase-all-liquid flow through the annulus: 

         
      

     
  C-11 

For 1.0 > N > 0.1, hc is calculated from Eq. (C-7) and hNcb in the bubble suppression regime as: 

hNcB/hf = FBo
0.5

exp(2.74N
-0.1

) 
C-12 

and the larger value of hc and hNcB is chosen for htp-boil. 

For N < 0.1, hc is determined from Eq. (C-7) and hNcB in the bubble suppression regime as: 

hNcB/hf = FBo
0.5

exp(2.47N
-0.15

) 
C-13 

and the larger value is chosen for htp-boil. The constant F is determined as follows: 

Bo > 0.0011, F  = 14.7 

Bo < 0.0011, F  = 15.43 
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