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Abstract 

Straight receiver tubes of either parabolic trough or Fresnel solar collectors can substitute the vapor generator 
and the solution separator of an absorption machine for producing cold/heat/power, so that no intermediate 
thermal fluid is required for transporting heat from the collector field to the machine. This way more compact 
and simpler layouts are possible. Medium temperature solar collectors are attractive for activating innovative 
cycle absorption machines for producing cold, pumping heat or producing electricity either single or combined. 

Solar heat is absorbed directly by the solution that internally slides in the lower segment of an inclined tube by 
the effect of gravity yielding refrigerant vapor and concentrated solution in a stratified two-phase flow 
configuration.  

The paper in his first part offers an introduction to this innovative technology and I its second part presents a 
numerical model for the performance evaluation of the concept, highlighting heat transfer issues. Integral 1D 
steady-state balances are used to establish equations in a simplified form to accelerate pre-design duties and 
capture main influencing parameters. 

Results indicate that this concept is attractive and offers the potential for reducing the cost and burden of 
nowadays solar facilities in the small and intermediate size range. 

Keywords: Solar cooling, Two-phase flow, receiver tube, parabolic trough, Fresnel, Medium temperature solar 
collector, stratified flow, direct vapor production. 

1. Introduction 

Solar heating and cooling (SHC) concept has been established as a current technology and is well supported by 
basic studies, such as (Duffie & Beckman, 1980) among others. Recent reviews confirm its interest, e. g. 
(Mauthner & Weiss, 2013), (The European Technology Platform on Renewable Heating and Cooling, 2014), as 
well as its potential in different countries has been analyzed, e. g. (CTAER. Solar Concentra., 2015). Nowadays 
medium temperature (150 – 250 ºC) solar collectors (MTC) e.g. (Jradi & Riffat, 2012) attract much attention 
because they enable new solar applications for small and medium scale applications. They offer higher 
flexibility than fixed geometry low-temperature collectors and enjoy the advances in the technology of high-
temperature parabolic troughs collectors (HTC) used in large solar power plants. 

Solar cooling by a heat pump consumes the solar heat in a thermal machine, generally following an absorption 
cycle, (Herold, et al., 1996). Some recent studies confirm its interest for industry and for buildings, e. g. 
(Henning, 2007) (Baniyounes et al., 2013). Typical application is for air conditioning, such as presented in 
(Henning, 2007), showing a good efficiency of the cycle owing to the mixture Water/Lithium Bromide used as 
working fluid. Water freezing limits extracting heat below 0 ºC, as water is used as a refrigerant. Ammonia as 
refrigerant offer the possibility of refrigerating even below -20 ºC and much experience has been accumulated 
on its use. Ammonia is a natural refrigerant, widely accepted in industry for its reduction capability of 
greenhouse and ozone depletion gasses (Danfoss, 2015). The absorption cycles using this refrigerant need 
higher temperatures on the driving source of energy, making medium temperature solar collectors ideal for that. 

Currently, ammonia based absorption machines use the mixture Ammonia/Water (Wu et al., 2014). Several 
studies have performed on-the-field performance evaluation driving the machine with heated fluid through MT 
solar collectors (Wang, et al., 2015). 
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Ammonia is good for solar energy storage in combination with absorbents, either solid or liquid, e. g.  (Yu, et 
al., 2013), enhancing its interest in SHC. 

Machines using Ammonia/Water need a rectification tower to purify the ammonia vapor reducing minute 
proportions of water. The solution of Ammonia into Lithium Nitrate salt (NH3/LiNO3) offers to eliminate this 
bulky and expensive component, but salt crystallization at the inlet of the absorber must be avoided. This 
solution offers a lower risk of corrosion than Ammonia/Water. Several studies confirm the potential of this 
working fluid (Ventas et al., 2010). Some operating test results are available (Hernández-Magallanes, et al., 
2014). Even pre-industrial prototypes are now operative (Zamora et al., 2014). 

The current layout of a solar cooling facility includes an outdoor primary circuit of a heat transfer fluid (HTF) 
including anti-freeze capability, a secondary indoor circuit, typically of water, including a heat storage tank and 
a tertiary circuit of cold water, (Kalogirou S. , 2004) (Lecuona et al., 2009). A heat rejection circuit is also 
needed when the machine is not air cooled. This leads to a high complexity and high procurement, high 
maintenance costs and the need of professionals for this. The end result is an increase in the Levelized Cost of 
Energy (LCOE). In addition, there appears some reluctance to invest, reinforced by the tailored character of 
every facility. Some studies confirm this appreciation, e. g. “The lack of an optimized solution is the most 
critical barrier for rural or off-grid application of CSP”, in (The Carbon Thrust, 2013). Meaning “CSP” 
Concentrated Solar Power. 

Direct steam production is an objective in large solar power plants, e.g. (Eck, et al., 2003) and (Kalogirou et al., 
1997) always underpinning the objective of simplification, cost reduction, and higher energy efficiency. In solar 
cooling facilities, this can also be explored. The working fluid of the absorption machine has to flow partially 
filling the solar collector receiver tube, this way simplifying the facility and drastically eliminating the cost of 
heat exchangers, piping, and HTFs. In absorption machines, the liquid phase evaporates only some % of mass. 
This precludes the dangerous dry-out and rewetting processes. Refrigerant vapor separation is not needed at the 
outlet as it happens spontaneously thanks to the density difference. Stratified flow favors this, as the liquid 
phase flows falling under gravity effect in the lower part of an inclined tube, while the vapor phase flows 
upwards in the opposite direction, already separated, see Fig. 1 as it is progressively heated by the wall. This 
layout allows reducing the tube peripheral temperature gradients in Fresnel collectors and in parabolic trough 
ones near midday (Lecuona-Neumann et al., 2016).  

 

Fig. 1: Left: Scheme of an elementary solar cooling layout with gravity stratified flow in the receiver tube and 
attached air cooled absorption machine, eventually incorporating energy storage. Right: 1D flow discrete element. 

The proposed layout is shown in Fig. 1. It includes an air-cooled absorption machine attached to the solar 
collector ensemble. This way no indoor building space is consumed for the machine room. 
Freezing/crystallization of the NH3/LiNO3 solution is no problem down to around -15 ºC ambient temperature 
with no specific measures. 

The higher driving temperature with MTCs allows the application of advanced cycles (Ventas et al., 2016). 
This way several opportunities appear to reduce the Levelized Cost of Energy (LCOE) and increase coverage of 
the user demand: i) cooling capacity boost consuming electricity with the same machine (Vereda et al., 2014), 
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ii) directly produced or pumped heat production in winter, iii) increased COP using double stage/double effect 
(Ventas et al., 2016) and iv) even allowing electricity production in periods when neither heat nor cold is 
needed. NH3 is suitable for this purpose as it generates high-pressure differentials between condenser and 
evaporator, allowing expanders to produce work. Small scale MT solar collectors can be built with stationary 
receiver tubes, thus eliminating the extra cost to avoid NH3 leaks that are typical in large format high-
temperature parabolic trough solar collectors that use articulated tubing. 

This paper addresses the basic analysis of the vertically stratified flow using a simplified 1D modeling of the 
solar collector receiver tube of a circular cross-section, following a sequential calculation process. Stratified 
flow is assumed. The low velocities involved precludes either annular flow or appreciable effect of waves on 
the free surface of the liquid, excepting an effective roughness increase, as the inclination of the receiver tube 
ranges from several degrees up to the local latitude plus solar declination (Wallis, 1969). Application of the 
model to the promising mixture NH3/LiNO3 is performed and consequences are obtained aiming at pre-design 
and optimization duties. 

2. Numerical model assumptions 

The stratified or wavy-stratified nature of the flow is supported by the moderate mass flux and the relatively 
high void fraction in the flow, according to (Turgut et al., 2016) among others. Here the liquid phase is gravity 
driven, such as in (Faccini et al., 2015). Even this, here both flows are counter-current, differently to the most 
analyzed layout of co-current pressure driven two-phase flow inside typically small diameter tubes, e. g. (Issa 
R. I., 1988).  

The slenderness of the receiver tube(s) of a parabolic trough or Fresnel type solar collector facilitates 1D 
modeling as a separated stratified flow with no liquid holdup, allowing separate equations and flow variables 
for both flows (Wallis, 1969). There the full set of governing equations applicable to the opposite direction 
flows is described in a generic way, as well as the single interphase jump conditions. One difficulty in the 
proposed layout is that the single outlet of the vapor flow is the accumulation of the opposite liquid flow vapor 
production and heat transfer, both with the tube wall and the interphase. In addition to that, there is mutual 
friction at the interphase free surface with the added complication of evaporation. This coupling makes 
necessary solving a large number of simultaneous equations for balances, fluid properties, and momentum plus 
heat transfer, when applied to a discrete number of finite elements of the tube along z, Fig.1. This would mean 
around 10 to 15 equations per element. Momentum and heat balances are not a closed issue when establishing 
1D equations across a surface where there is evaporation because the 1D flow is represented by a single average 
velocity, density, temperature and NH3 mass fraction. Some issues can be found in (Wallis, 1969) and a 
complete treatment is presented in (Issa, 1988) for co-current laminar (Ullmann et al., 2004) and turbulent flow 
with wavy interphase (Ullmann & Brauner, 2006). Fortunately, heat and momentum transfer to the liquid from 
the vapor flow can be considered negligible without much loss in accuracy for our case, as is supported below. 

1D governing equations are coherent with heat and mass transfer correlations for respectively Sherwood and 
Nusselt numbers, especially when both concentrations and temperatures can safely be averaged in a cross 
section. 

Nusselt number  for the liquid and vapour flow are of the same order of magnitude, as well as hydraulic 
diameters and wall contact areas, but for extreme cases. Thermal conductivity of NH3 vapour is one to two 
orders of magnitude less than that of the liquid solution, yielding the heat transfer coefficients in the same 
proportion. Thus heat transfer from vapour to liquid  can be considered negligible in front of wall-to-liquid 
heat transfer rate . In addition to that the smaller heat capacity of NH3 makes this flow approaching the wall 
average temperature  faster than the liquid, so that . From now on  means functional 
dependence. As a consequence the net absorbed, solar heat will be applied only to the liquid as a first 
approximation. 

Friction stress across the interphase is continuous. At the indicated pressure  15 bar one finds , the 
vapor production is about 3-8% in mass. The chosen void fraction  is large to minimize 
ammonia inventory for safety reasons. This makes  by mass conservation; actually at the liquid outlet 

 and at the vapor outlet , see Fig. 2 to 5. This is in contrast with the much studied two-

phase co-current flow in evaporators and boilers, whose mission is oriented toward either the full or a 
substantial phase change, implying significant acceleration near the shared outlet, with the frequent result of 
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liquid hold up. Friction factors  as Reynolds numbers are of the same order of magnitude, mainly owing to 
the much larger hydraulic diameter of the vapor flow on which they are based,  

Only needing standard commercial information of the 
collector is another advantage of this approach. 

 

According to (Cussler, 2009) p. 504, mass diffusion relaxation time  in turbulent flows is controlled by the 
summation of two mutually independent relaxation times, the first one is for the formation of packets of size  
and the second one is for molecular diffusion into these packets with coefficient ; this datum is obtained 
from (Infante-Ferreira, 1985). This leads to total a relaxation length : 

 (eq.1) 

With collector length of 4-20 m this indicates that assuming negligible transversal concentration gradients in 
the liquid bulk is assumable, thus saturation can be accepted at the vapor pressure as a first approximation. Pure 
NH3 forms the vapor flow, thus the mass diffusion resistance is null for this vapor flow. For temperature 
through the interphase, a jump is accepted between both well-mixed vapor and liquid flows as a reasonable 
assumption, in the turbulent regime for the resultant Reynolds numbers . No hydraulic pressure is considered 
in the liquid. 

As a consequence, and in order to develop a comprehensive model, the simplifying assumptions are steady state 
and well mixed fully developed flows, flat free interphase with a rough surface owing to low amplitude waves, 
saturation equilibrium at the adiabatic interphase for liquid flow, but diabatic for vapor flow at constant 
pressure. Radiation and buoyancy are negligible effects inside the tube. Friction of the gas phase is negligible 
for the liquid flow. Constant liquid central angle  (  for diameter) derives into constant falling velocity 

 . Constant wall temperature  is assumed around the tube periphery, but variable along . Solar 
radiance is constant along . 

Comprehensive models have been developed for the local efficiency of the parabolic trough solar collector and 
the subsidiary calculation of the tube wall temperature, e. g. (Forristal, 2003). For the lower optical 
concentration that MTCs have in comparison with HTCs and for liquid flow, the temperature average 
difference between wall  and fluid  is small, in the order of 20 ºC. This allows using the local average wall 
temperature instead of the fluid temperature averaged from inlet to outlet, not hindering the accuracy of the 
model. On the other hand this reduces the computing load substantially and allows to use available commercial 
information in solar collector performance. For simplicity it is acceptable using the reduced characteristic 
efficiency equation (no wind, no axial incidence, steady-state) determined according to standards such a 
(ISO/DIS 9806, 2016). As the characteristic curve is quite horizontal at the usual values of  not compromising 
error is expected. This curve is reduced to: 

 (eq.2) 

 is the tilted beam irradiance. 

3. Numerical model setup 

Terminal liquid velocity is assumed to happen just at the inlet. As a consequence average falling velocity 
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derives from the balance between gravity and wall friction, resumed into a Darcy friction factor , function 
of the liquid hydraulic diameter through the liquid flow Reynolds number  and the relative roughness of the 
wall , where is the absolute equivalent roughness. 

;  (eq.3) 

This expression neglects the momentum transfer by evaporation (Wallis, 1969), negligible in our case. This is 
an approximation that fits well into other analytical approximations, such as (Hetsroni, 1982) p. 2-84, originally 
by (Taitel & Dukler, 1976), although that considers the coflowing configuration. An implicit continuity 
equation allows solving for liquid central angle  for a given liquid mass flow , applied to the 
inlet (in): 

 (eq.4) 

The liquid density  is function of the local NH3 mass fraction  and liquid temperature . At the liquid inlet 
 (in) pressure  is equal to the saturation of pure ammonia at the machine condenser . At the 

same point we consider, saturated inlet of the liquid solution. Subcooled or superheated solution is not 
considered here. Constancy of pressure both across the interphase and along  in addition to the saturation 
condition allow determining the NH3 mass fraction at any axial location , including the outlet  (ou), 

 when  were determined for any : 

 (eq.5) 

The machine condensation temperature  is the ambient temperature  plus 5º to 10 ºC, depending on the 
heat rejection parameters. This assumption neglects 

 

As a consequence of constant pressure and saturation both  and  for the liquid are related this way: 

 (eq.6) 

Only transversal heat transfer is considered, neglecting it in the  direction. Wall temperature tangential and 
radial gradients are considered negligible. Wall temperature  can be determined along  assuming that all the 
absorbed heat is transferred to the liquid, through a heat balance, where the heat transfer coefficient is  and 
the aperture width of the mirror is  (Fig. 1) on which a beam irradiance  is normal: 

 (eq.7) 

For the local heat transfer coefficient , either for liquid or vapour flow, a Gnielinski correlation (Gnielinski, 
1976) has been chosen for the Nusselt number  in the turbulent regime ( ) including the Prandtl 
number  and the friction factor from (Haaland, 1983) ( ). Correction for the entrance 
region has been chosen from (Al-Arabi, 1982), referred in (Sigalés, 2003) p. 645. Correction for vapor 
transpiration at the interphase is neglected. 

 (eq.8) 

The entry length correction  is for local , here considered on the high side of the several formulae found 
in the literature, but not the highest. No correction has been implemented in  because of vapour blowing out 
of the liquid free surface ( ) as it is of low magnitude (Sigalés, 2003). 

The explicit (eq.4) allows calculating  progressively from inlet to outlet through the net solar heat received by 
a finite element , between control surfaces  and . Using an Euler explicit advancing scheme this leads 
to: 
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 (eq.9) 

 takes into account the evaporation, acting as an increased effective specific heat  for the liquid. The 
increase in temperature leads to a decrease in  and the corresponding production of vapour at each element 

: 

 (eq.10) 

In order to check the validity of assuming constant  and , local liquid mass flow can be corrected by: 

 (eq.11) 

And verify that the loss in mass can be just up to around 3%-8% along . The accumulated vapour at point  
can be calculated afterwards. The vapour velocity could be calculated when its temperature  is previously 
calculated: 

 (eq.12) 

 at station  is the result of mixing from  down to  and the cumulative heating from the walls and 
free surface of the liquid. Both of them must result in a negligible figure in front of the heat transferred from 
walls to the liquid for the simplifying assumptions to be valid. Assuming an average  in the mixing process: 

 (eq.13) 

4. Fluid properties 

Ammonia properties are evaluated using the FluidMAT® software (Kretzschmar, Stoecker, Kunick, & Blaeser, 
2015), mainly based on Tillner-Roth formulation (Tillner–Roth et al., 1993). 

Ammonia/Lithium Nitrate solution properties are not so well documented. The properties of (Libotean et al., 
2007) and (Libotean, et al., 2008) were used, extended for lower ammonia mass fraction and higher 
temperatures from data of the same source, still to be published. These results were checked against (Farshi et 
al., 2014) for enthalpy, correcting the reference datum. Thermal conductivity was obtained from (Cuenca et al., 
2014). Crystallization boundary data, originally from (Infante Ferreira, 1984) were reported in (Wu et al., 
2013). The adaptation was performed to formulate the boundary line in a more convenient form for the model. 

5. Results 

First, some characteristic data are presented and then a parametric study shows the results. Maximum 
representative irradiance has been taken into account , no wind and steady-state operation 
with an ambient temperature . 

The model can be applied to a representative MTC, in this case, the Abengoa PT-1 small scale MTC, shown in 
Tab. 1 (Solar Rating & Certification Corp., 2014). 

Tab. 1: Basic data for the representative concentrating MTC Abengoa-IST PT-1. Effects of wind, sky infrared radiation and 
incidence are ignored. * for reported net aperture surface. 

* 
[m] 

 * 
[m] 

   
[-] 

 
[ ] 

 
 

Original 
fluid 

 
allowed 

[ºC] 
2.2 6.0 0.71 0.3581 0.0019 water 250 

For the inlet conditions, the condenser temperature chosen is  This corresponds to 
. Choosing an inlet temperature  this corresponds to , thus no subcooling is 

considered in this case, neither the presence of bubbles at the inlet. A large inclination angle  will be 
near optimum for capturing sun rays at mid-latitudes, for a collector oriented toward the equator, e. g. Madrid 
(Spain). , this is a compromise between the highest expected with the adequate collector 
inclination  around noon during a clear day and tracking the sun with a single axis, around , and 
an average figure because of some longitudinal incidence and cloudiness. 
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The flow evolution for this case is shown in Fig. 2 with some extra data indicated in the caption. It is worth to 
highlight: 

 The evolution of the flow variables is linear, excepting wall and to a lower extent vapor temperatures. 
This is a consequence of the increase of  in the entry region, around 0.5 to 1.0 m. Eliminating 
this correction in  (eq.8) eliminates these non-linearities. This would occur in a second additional collector 
located downstream the first one, Fig. 3. 

 The downstream increase of , does not substantially affect the local efficiency of the collector , 
owing to its high stagnation temperature. This supports using the characteristic efficiency curve with  (eq. 
2) instead of calculating the collector heat losses. The resulting average efficiency is  

  increases up to 136 ºC in this case. This implies: a) a lower rate of the decrease downstream (decrease 
along ) of the vapor temperature , as it is the result of mixing of vapor produced upstream b) wall heating 
near the exit and cooling near the inlet c) liquid cooling all along. In order to indicate the proportion of 
cooling by the liquid,  indicates exclusion of any heat transfer.  . These 
temperatures are higher than the liquid inlet wall temperature at the same station, . 

 There is a fairly constant difference between wall and liquid temperatures downstream the entrance 
region, 9 ºC at the inlet and around 15 ºC downstream the entrance length. 

 , meaning an 8.41% decrease from the inlet. This means a crystallization temperature of 
15 ºC. 

 

Fig. 2: Evolution along  of flow variables with ; ; ; ; ; 
; . 

One interesting question is how the length of the collector  affects the performance for constant mass flow. 
Fig. 3 uses the same input condition than Fig. 2 (ceteris paribus) but doubles the length of the collector, 

. The cooling of the vapour now is, . , resulting in a crystallization 
temperature of 47 ºC, thus impeding operation of the absorption machine unless mass flow rate is increased. 
This is the logical choice as the solar power will be around twice. Fig. 4 shows the results of doubling the mass 
flow ceteris paribus; . 
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Fig. 3: Evolution along  of flow variables with  ; ; ; ; 
; . 

 

Fig. 4: Evolution along z of flow variables with  ; ; ; ; 
; . 

The possibility of selecting different inclination facilitates the installation in different ceiling surfaces of 
buildings. Thus the effect of changing inclination angle  is interesting. Fig. 5 shows decreasing down to 5 º. 
This is valid for equatorial locations with the same , but lower values should be expected at higher latitudes. 
The result is partially similar to the ones presented in Fig. 2, ; this means the same vapour 
production with the  inclination, ceteris paribus, but the wall temperature is higher, although not affecting 

. This is an interesting results as it indicates that the inclination angle can be widely changed. Now vapor 
suffers a small net heating. 

Simplifying hypothesis now do not hold so well owing to the increased  implying an increase in depth of the 
liquid vein that would limit reaching near NH3 equilibrium in the bulk liquid flow. The lowest Reynolds 
number is for this case, . 
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Fig. 5: Evolution along  of flow variables with ; ; ; ; ; 
; . 

6. Conclusions and further work 

Reasonable simplifications lead to the development a comprehensive 1D model of the flow evolution along the 
receiver tube of a parabolic trough solar collector under separated stratified two-phase flow. This model allows 
a sequential calculation that almost avoids iterations, excepting the liquid angle  single equation calculation. 
The results support the simplifying assumptions. The model emphasizes the heat transfer process under 
evaporation in a MT solar collector. 

The moderate heat flux from wall to liquid, always below , the large interphase surface and 
temperature differences between the wall and liquid smaller than 5 K allow to be confident on the absence of 
significant bubble formation, thus nucleate boiling does not have to be taken into account excepting the lowest 
inclination angle, such as , Fig. 4 (Ghoshhdastidar, 2004). This large temperature difference, in spite of 
the low heat flux, is due to the small heat conductivity of the solution  in comparison to 
water. 

The innovative operation of a solar collector here described is meant for its application as a vapor generator and 
separator of an integral absorption machine using the promising solution NH3/LiNO3. This allows cold 
production at subzero temperatures using medium temperatures of the driving heat in the range of 100-200 ºC. 
This working fluid allows other possibilities, such as  larger than 1.0 if double effect is used, electric 
backup if a hybrid cycle (Vereda, et al., 2014) is used and presumably electricity production using an expander 
in the refrigerant branch of the cycle. 

The counter-flow layout allows minimizing heating of the vapor, owing to the cooling effect by the liquid and 
also by the wall near the liquid inlet. This is favorable for the operation of the absorption machine as a chiller, 
reducing the load of the condenser and increasing the collector efficiency. For producing power an alternative 
coflowing layout would be favorable because the higher is the vapor temperature the higher is the enthalpy at 
the inlet of the expander. Thus the enthalpy jump is higher. 

Further work will likely include the effects of the mass transfer resistance in the liquid and the non-uniform 
transversal temperature in the tube wall, using newly developed simplified calculus (Lecuona-Neumann et al., 
2016). Another line of work would be to study the evolution when the solution enters the tube subcooled or 
superheated. The inclusion of some correction for the interphase heat transfer in eq. 9 will increase the accuracy 
of the model. Experimental validation is under work. 
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