Literature Review Summary of Trombe Walls

How they work (the science behind them)

A parametric study of Trombe walls for passive cooling of buildings – Guohui Gan
· Fig. 1 shows operations of a Trombe wall for heating and cooling. In the heating mode, air enters the space between the wall and glazing from the bottom vent either opened to the living room when outdoor air is cold or to the ambient when the outdoor temperature is moderate, for example, > 10°C. The air is heated up by the wall and flows upwards due to the buoyancy effect. It then returns to the living space through the top vent. For summer cooling, dampers are so positioned that the buoyancy forces generated by the solar heated air between the warm wall and glazing draws room air to the bottom vent and outdoor air into the room through open windows or vents in other exterior walls. The heated air flows out to the ambient rather than into the living space through the top vent.
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· Energy and air movement in the channel of a Trombe wall is induced by natural convection. The effect of channel width on natural convection between vertical parallel plates was studied experimentally by Sparrow and Azevedo [ 21. They found that heat transfer was reduced dramatically if the width of the channel had the same order of magnitude as the boundary layer thickness. For a typical building to avoid flow blockage effects, the channel width should be greater than 4.7 cm [ 31. Sandberg and Moshfegh [ 41 performed experiments on the channel flow using two vertical parallel walls heated from one side. The relation between the measured air flow rate and heat flux rate was found to follow a power law. They also used a numerical method to study the effects of heat flux rate and channel width on the convective heat transfer in the channel [S]. The flow rate through the channel was found to increase with decreasing channel aspect ratio. i.e. increasing channel width. This was attributed to the decreasing wall frictional resistance with increasing channel width. The width of the channel was also found to influence the surface temperature of the insulated wall but not the temperature of the heated wall.
· When a Trombe wall is used for summer cooling, the ventilation rate induced by the buoyancy effect increases with the wall temperature, solar heat gain, wall height and thickness. Provided that the dimensions of the inlet and outlet opening increases with channel width. The ventilation rate also increases with the distance between the wall and glazing. The use of double glazing instead of single glazing for a Trombe wall system not only reduces heat losses in winter hut also enhances passive cooling in summer. To maximize the ventilation rate for summer cooling, the interior surface of’ the storage wall should be insulated. This also prevents undesirable overheating of room air due to convection and radiation heat transfer from the wall. If solar energy is used for passive cooling only, a solar chimney is preferable to a Trombe wall.

Comparative analysis of active and passive solar heating systems with transparent insulation – Bruno Peuportier and Jacques Michel

· The solar contribution is not so obvious for the passive systems, because the walls stock the solar gains from the day to the night. Therefore, there does not exist a significant flow rate of heated air such as in the active systems. The temperature at the absorbing surface of the collector can reach 47°C and even 64°C with transparent insulation components ( Fig. 5 ). The heat is stored in the brickwork and, therefore, the temperature in the air gap remains temperate, between 15°C and 25°C. Energy savings are thus achieved as the heating losses are reduced. When the temperature is higher in the Trombe wall than in the room, a natural air circulation is established (if the louvers are open ).When the louvers are closed, the maximum temperature in the inner air gap of the Trombe wall was 45°C in summer, and the opaque insulation protected the dwelling from a high heat flux.

Trombe Walls in Low-Energy Buildings: Practical Experiences. Torcellini, S., Pless, S.

· A typical unvented Trombe wall consists of a 4- to 16-in (10- to 41-cm)-thick, southfacing masonry wall with a dark, heat-absorbing material on the exterior surface and faced with a single or double layer of glass. The glass is placed from ¾ to 2 in. (2 to 5 cm) from the masonry wall to create a small airspace. Heat from sunlight passing through the glass is absorbed by the dark surface, stored in the wall, and conducted slowly inward through the masonry. High transmission glass maximizes solar gains to the masonry wall. As an architectural detail, patterned glass can limit the exterior visibility of the dark concrete wall without sacrificing transmissivity. 

Applying a selective surface to a Trombe wall improves its performance by reducing the amount of infrared energy radiated back through the glass. The selective surface consists of a sheet of metal foil glued to the outside surface of the wall. It absorbs almost all the radiation in the visible portion of the solar spectrum and emits very little in the infrared range. High absorbency turns the light into heat at the wall's surface, and low emittance prevents the heat from radiating back towards the glass. For an 8-in-thick (20-cm) Trombe wall, heat will take about 8 to 10 hours to reach the interior of the building. This means that rooms receive slow, even heating for many hours after the sun sets, greatly reducing the need for conventional heating. Rooms heated by a Trombe wall often feel more comfortable than those heated by forced air because of the large warm surface providing radiant comfort.

Architects can use Trombe walls in conjunction with windows, eaves, and other building design elements to balance solar heat delivery. Strategically placed windows allow the sun's heat and light to enter a building during the day to help heat the building with direct solar gains. At the same time, the Trombe wall absorbs and stores heat for evening use. Properly sized roof overhangs shade the Trombe wall during the summer when the sun is high in the sky. Shading the Trombe wall can prevent the wall from getting hot during the time of the year when the heat is not needed.

· The interior surface temperature (of Trombe wall at the Zion Visitors Center) is generally homogeneous, ranging from 90-96ºF (32-36ºC). The wall temperature typically peaks between 8-9 p.m. The reduced wall temperature at the far right section of Trombe wall is due to shading. The building shades a portion of the Trombe wall in the afternoon, resulting in reduced interior temperatures.

… The electric radiant heating system used 22,680 kWh (81.6 GJ) over the year, with the Trombe wall contributing 20% of the total heating to the building. The Trombe wall imposed a heating load on the building for only two of the 151 days of the 2001-2002 heating season. For the other 149 heating days, the wall was a net positive. The peak heat flux through the wall was 11.2 W/ft2 (89 W/m2), or 8.3 kW over the entire Trombe wall area. The average efficiency of the wall (defined as the heat delivered to the building divided by the total solar radiation incident on the exterior of the wall) was 13%.

The interior surface temperature of the SEB Trombe wall typically peaks at 120-130ºF (49-54ºC) at 3:30-4:00 p.m. during the heating season. The interior temperatures of the SEB wall are generally higher, but earlier in the day than the Zion wall. This difference is due to the 4-in (10-cm) SEB wall that releases the heat quicker than the 8-in (20-cm) Zion wall. During good solar days in the heating season, the Trombe wall typically provides all of the necessary heating throughout the afternoon and evening.

Performance of a Selective-Surface Trombe Wall in a Small Commercial Building. Judkoff, R.

· Figure 3 illustrates the different modes of operation of the building. In summer the north doors can be opened along with the vents low on the trombe wall and those high on the south wall. This facilitates a strong ventilative flow which is reinforced by any heating at the outer surface of the Trombe wall. The roof overhang provides total shading of the clerestory and about 50% shading of the Trombe wall through the summer months. On summer nights the north doors are shut for security reasons. However, vents in these doors allow natural flushing of the building mass with cool night air. The movable insulation panel may be left in the open position throughout the summer. In winter the Trombe wall vents are sealed. The selective surface keeps the air-gap temperature relatively cool so that there is little to be gained by allowing thermocirculation of the wall. The clerestory provides morning warm-up and more than offsets any daytime heat losses from the building. It is better, therefore, to store that energy, which would otherwise be transferred into the building during the day via thermosyphoning, in the trombe wall for night use.
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Numerical study on the thermal behavior of classical or composite Trombe solar walls. Jibao Shen, Stephane Lassue, Laurent Zalewski, Dezhong Huang.

· The classical Trombe wall is constituted of a massive wall installed at a small distance from a glazing. In the case of the thermo-circulation phenomenon, the massive wall absorbs the solar flux through the glazing(s). The wall transfers a part of the flux inside the building by conduction. The heating of the air in contact with this wall induces a natural circulation: the air is admitted by the lower vent of the wall and comes back to the room by the upper vent. The air circulating, transfers part of the solar heat flux (cf. left part of Fig. 1). An inverse thermo-siphon phenomenon was observed at the time of little or non-sunny periods at night or in winter. In fact, when the wall becomes colder than the indoor temperature, an air circulation, from the vent on top to the vent at the bottom,

produces itself and comes to cool the habitat. To resolve this problem, we can, for example, place a supple plastic film at the level of the orifices, when there is a thermo-siphon phenomenon. The vents are then opened, and in the opposite case they are closed.
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· The functioning of a composite Trombe–Michel wall is similar to that of a classical Trombe wall. But the latter induces important heat loss during the cold periods due to the small thermal resistance of the massive wall. We can remedy this problem while using the composite wall. The latter has an insulating wall at the back of the massive wall. The thermal energy can be transferred from outside to the interior air layer by conduction in the massive wall. Then it can be transferred by convection while using the thermo-circulation phenomenon of air between the massive wall and the insulating wall. At the time of little or non-sunny days during winter or at nights, the vents in the insulating wall are closed. Thanks to the big thermal resistance, there is little thermal flux that going from indoor to outdoor (little loss) (cf. Fig. 3).
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History

Trombe Walls in Low-Energy Buildings: Practical Experiences. Torcellini, S., Pless, S.

· Since ancient times, people have used thick walls of adobe or stone to trap the sun's heatduring the day and release it slowly and evenly at night to heat their buildings. Today's low-energy buildings often improve on this ancient technique by incorporating a thermal storage and delivery system called a Trombe wall. Named after French inventor Felix Trombe in the late 1950s, the Trombe wall continues to serve as an effective feature of passive solar design.
Performance of a Selective-Surface Trombe Wall in a Small Commercial Building. Judkoff, R.
· Shortly after Los Alamos National Laboratory obtained these results (1) in test-cell experiments on selective surfaces, F. Sokol requested design assistance for a small furniture-making factory in Boulder, Colo. I agreed to assist under the

condition that this novel concept be tested on his building. He consented and we proceeded to design and build what to my knowledge is the first field application of a selective surface on a masonry trombe wall in a residential or commercial building. The building was constructed in February 1980 and has now completed one heating and cooling season.

Development and validation of the unvented Trombe wall model in energyplus – Peter Graham Ellis

· The principle of thermal storage has long been applied in the native American adobe dwellings of the American southwest and other similar habitations found across the early world. Much like the Trombe wall, the thick adobe walls absorb and store heat during the day to provide natural heating into the night. An American named E. L. Morse was the first to describe the Trombe wall concept in an 1881 patent (Morse 1881). Ahead of its time, it was not until 1972 that the idea was repatented and popularized by the French inventor Felix Trombe and the architect Jacques Michel (Trombe 1972). The Trombe wall is also known as a Trombe-Michel wall, solar wall, thermal storage wall, collector storage wall, or simply storage wall. Although texts books typically describe the Trombe wall with vents (Trombe's original wall was ventilated) (Trombe 1977), research has shown that in most cases, the unvented Trombe wall performs better than the vented Trombe wall (Balcomb et al. 1980a). Ventilation tends to negate the storage effect of the wall and eliminates the effectiveness of the air gap as insulation (Balcomb 2003). The preferred design is now a sealed air gap between the glazing and the wall, making it an unvented Trombe wall. Today Trombe walls are a sophisticated but simple solution for providing passive solar heating to buildings. They have been shown to be an effective technology for reducing heating energy, as much as 47% in residential cases (Balcomb 1992).
Design considerations
Effect of an Absorptive Coating on Solar Energy Storage in a Trombe wall system - Nwosu P. Nwachukwu , Wilfred I. Okonkwo
· The absorption and storage capacity of the Trombe wall can be improved by the application of a coating of superior absorption vigour, and so the practice can be seen as a heat absorption enhancement technique among other alternatives. Optimum application of a heat-absorbing film on the exterior surface of the Trombe wall will possibly raise the rate of heat delivery to the enclosure. Specific recommendations as to the optimum amount (thickness) to be applied may be examined, or relevant guidelines sourced from the film manufacturer. Also, for every coated surface there is a unit cost to it, this cost may be offset by heat delivery gains to the enclosure overtime. A cost benefit  analysis may be considered to justify any budget on the technique. Expectedly, the predicted values of the interior and exterior nodes temperatures may differ depending on radiation and convection losses within the enclosure system.

Energy conservation in honey storage building using Trombe wall - Arvind Chel, J.K. Nayak, Geetanjali Kaushik

· When all walls are painted black individually then comparison showed that north-east wall is least concerned for heating and south-east wall has maximum heating effect among all walls. Roof has maximum heating effect as compared to south-east wall. When south-east wall is painted black, room air temperature predicted in the range of 14.9–18.5 8C for harsh winter month (January).
· When south-east wall is retrofitted to unvented Trombe wall, simulation results show that room air temperature predicted to be in the range of 15.4–19.1 8C in harsh winter month. This needs improvement like providing vents so that during daytime air gets heated and circulated into the building to heat room air and during night time close these vents and shade the Trombe wall using movable insulation to avoid heat loss to ambient. During nighttime, the heat absorbed by the wall in daytime gets lost inside the building by convection and thereby heats the inside room air temperature.

· The improvements in the unvented Trombe wall are included in the vented Trombe wall as shown in Fig. 5. When the south-east wall is retrofitted with vented Trombe wall the results were promising; room air temperature predicted to be in the range of 19–23.3 8C for harsh winter (January) month. This room air temperature range is suitable for honey storage inside the building to avoid crystallization of honey.
· When south-east wall is converted into direct gain concept for the existing building then the room air temperature is predicted to be in the range of 15.8–19.7 8C for harsh winter month. Hence, this option is not sufficient to maintain room air temperature above 18 8C for honey storage.

Modeling of a novel Trombe wall with PV cells - Ji Jie_, Yi Hua, He Wei, Pei Gang, Lu Jianping, Jiang Bin
· More than 80% of the solar energy irradiated on the surface of a photovoltaic (PV) cell is converted into thermal energy rather than electrical energy, thus the temperature of PV cells increases and results in a drop of efficiency of PV cells. With PV cells being affixed back of the glass panel, a novel Trombe wall with PV cells (PV Trombe wall) is constructed. The thermal energy on the surface of PV cells is removed by the air flow between the glass panel and wall, so the temperature of PV cells decreases and the electrical efficiency increases. It not only generates electricity, but also provides space heating; meanwhile it brings more aesthetic value. In the research of PV walls, Brinkworth et al. have deduced that with a well designed ventilated PV-wall structure, the PV cell temperature can be reduced by 15 _ C and the PV-module power output can be increased by 8.3% [5,6]. Yang Hongxing and Ji Jie have established the heat transfer model of the PV-wall structure, numerically investigated the heat gain of the PV-wall and compared it with the heat gain of the massive wall without PV module. Results show that the heat gain of PV-wall structures can be significantly reduced in summer, so that the cooling load of the building is decreased [7]. Ji Jie and He Wei have theoretically and experimentally investigated the performance of PV Walls with and without an air duct. Results show that different integration modes have only a small effect on the annual power output, but have an obvious effect on the annual heat gain [8,9]. In the research above, only the temperature distribution in the vertical direction is considered and there is no systemic calculation of Trombe wall.

An approach for energy conscious renovation of residential buildings in Istanbul by Trombe wall system - Zerrin Yilmaz, Arch Basak Kundakci
· The results show that changing the main material of the envelope does not affect the inside air and inner surface temperatures much while renovating the envelope with Trombe wall system affects the system performance a lot. The inter-space distance is not significantly effective on the system performance, either. The application of the system even to the facade of a sample room has a significant amount of energy conservation and changing the wall material is not very effective. Therefore, the renovation of an existing building with the recommended passive system will bring a great amount of energy economy
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Development and validation of the unvented Trombe wall model in energyplus – Peter Graham Ellis

[image: image6.emf]
Trombe Walls in Low-Energy Buildings: Practical Experiences. Torcellini, S., Pless, S.

· The performance of Trombe walls is diminished if the wall interior is not open to the interior zones. Based on previous experiences with Trombe walls (Balcomb 1998), the heat delivered by a Trombe wall in a residence was reduced by over 40% because kitchen cabinets were placed on the interior of the wall. The wall design at Zion includes cast-inplace concrete projections attached to the interior of the wall. These projections were included to ensure bookshelves were not placed against the Trombe wall.
The interior surface of the Zion Trombe wall was selected to maximize the heat transfer to the space. Some interior surfacing materials, such as drywall, can reduce the heat delivered by Trombe walls due to nonconductive air gaps in between the concrete wall and the interior surface (Balcomb 1998). A shotcrete wall finish was specified to provide a more continuous conductivity throughout the wall.

[image: image7.emf]During the construction process, the filling of the CMU wall was monitored to ensure the concrete block cores were completely filled, which provides a consistent conductivity through the wall. The placement of the footing insulation was also verified during the construction process to ensure proper installation. The location of this insulation is critical, as Trombe wall performance can be diminished due to three-dimensional heat transfer to the ground. By thermally decoupling the footings from the ground with insulation, unnecessary heat loss is avoided and more heat from the Trombe wall is supplied to the building.
· A potential design issue to consider in any passive solar building is overheating in the summer and swing seasons. The overhangs in both the Zion and NREL SEB were designed to shade the Trombe walls during the cooling season. Even with the Trombe walls shaded during the summer, the walls impose an additional cooling load on the buildings. This is because early morning and late afternoon radiation is not shaded, and diffuse and reflected radiation is not negligible. Additionally, the insulation values of these walls are low. At Zion, any additional cooling loads are not a significant issue, as the passive direct evaporative cooling system provides an abundance of cheap cooling. The additional cooling loads at the SEB are an issue, as a heat pump has to provide extra cooling to account for the hot Trombe wall. On average in July, the SEB Trombe wall reaches 100ºF (38ºC) in the afternoon. When the Trombe wall was completely covered for four days in August 2003, the interior surface temperature was never above 87ºF (31ºC). A summer shading blind has been recommended for the SEB Trombe wall to reduce the cooling impact of this wall.
Shading effects on the winter thermal performance of the Trombe wall air gap: An experimental study in Dalian. Chen, B., Chen, X., Ding, Y. H., Jia, X.

· The use of shading in the air gap is an effective way to improve thermal performance of the Trombe wall. The experimental data show that shading plays a significant role in optimizing the passive solar house design. Using shading can decrease convective heat loss of the air gap and prevent radiative heat transfer from the Trombe wall to the outside. Based on the calculation, it is found that the insulation can reduce about 20–40% heat loss in the air gap on a winter night and increase the external surface temperature of the Trombe wall. From analysis of the heat transfer process, convective heat loss is found to dominate in the total heat loss. Therefore, reducing convective heat loss is the key to improve thermal performance of the Trombe wall. Different shading fixed locations can change the thickness of the air gap, which has an important effect on the air flow pattern variation to decrease the convective heat loss. The relative optimized location of the shading in the gap calculated by Eq. (5) can reduce about 20% of the total convective heat loss. Referring to the thermal comfort, DH of the east side of the gap is about 10 1Ch higher than that of the west side, so the shading has an obvious effect on improving indoor thermal comfort.

Performance of a Selective-Surface Trombe Wall in a Small Commercial Building. Judkoff, R.

· Movable insulation is an expensive and inconvenient technique for reducing night heat losses from direct gain and Trombe wall systems. Volume II of the DOE Passive Handbook (1) indicates that a selective foil applied to the exterior surface

of a trombe wall or water wall equals or exceeds the performance of R-9 movable insulation. This represents an extremely cost-effective alternative to movable insulation.

PCM thermal storage in buildings: A state of art. Vineet Veer Tyagi, D. Buddhi.
· …Traditionaly trombe walls relay on sensible heat storage, but because of the potential for greater heat storage per unit mass, the PCM trombe wall is an attractive concept still awaiting successful implementation. A wall filled with PCM is constructed on the south-side window of a house. The wall is heated during the day by incoming solar radiation, melting the PCM. At night the heat is withdrawn to warm the house. For a given amount of heat storage, the phase change units require less space than water walls or mass trombe walls and are much lighter in weight. These are, therefore, much convenient to make use of in retrofit applications of buildings. Salt hydrates and hydrocarbons were used as PCMs in the trombe wall. Telkes [4] proposed the inclusion of PCMs in walls, partitions, ceilings and floors to serve as temperature regulators. The PCMs have been used to replace masonry in a trombe wall. Askew [5] used a collector panel made of a thin slab of paraffin wax and mounted behind the double-glazing of the building and found that the thermal efficiencies are comparable with the conventional flat plate collectors. Farouk and Guceri [6] studied the usefulness of the PCM wall installed in a building for nighttime home heating using

glauber salt mixture and SUNOCO P-116 wax. It was observed that if the PCM wall is designed properly, it eliminates some of the undesirable features of the masonry walls with comparable results… 
Examples of installed walls

Trombe Walls in Low-Energy Buildings: Practical Experiences. Torcellini, S., Pless, S.

· Trombe walls have been integrated into the envelope of a recently completed Visitor Center at Zion National Park and a site entrance building (SEB) at the National Renewable Energy Laboratory’s (NREL’s) National Wind Technology Center. The High Performance Building Initiative (HPBi) at NREL helped to design these commercial buildings to minimize energy consumption, using Trombe walls as an integral part of their design.
Figure 1 shows the Trombe wall locations in the NREL SEB (a), and the Zion      Visitor Center (b).
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Figure 1.
      a) NREL SEB,


b) Zion Visitor Center

Performance of a Selective-Surface Trombe Wall in a Small Commercial Building. Judkoff, R.

· Figures 1 and 2 show the south elevation and a sectional perspective of the building, respectively. Although this building would have had enough internal storage mass to support an extensive direct gain system, the requirements for stable temperatures, security, and acoustic decoupling suggested the use of a trombe wall. The requirement for daylighting as well as the building occupancy schedule suggested the addition of a clerestory above the trombe wall. The clerestory along with the ceiling shape is intended to diffuse the light evenly in the space so that supplementary lighting is rarely needed during the day. Additionally, the clerestory provides rapid early morning warm-up and utilizes to some extent the great amount of thermal storage mass available in the structural floor slab, block walls, and machinery. The site slopes somewhat to the south, facilitating a 3-ft earth berm on the north wall. 

The clerestory allows a solar collection area of 100 ft . The Trombe wall collection area is 130 ft . Heat loss through the clerestory is prevented at night by a 3-in.-thick panel of bead board insulation which is controlled by a timer and a l/l5-hp Dayton motor.
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Manufacturers (who makes/installs them)

Wall composition (materials, properties, dimensions, etc)

Trombe Walls in Low-Energy Buildings: Practical Experiences. Torcellini, S., Pless, S.

· A typical unvented Trombe wall consists of a 4- to 16-in (10- to 41-cm)-thick, southfacing masonry wall with a dark, heat-absorbing material on the exterior surface and faced with a single or double layer of glass. The glass is placed from ¾ to 2 in. (2 to 5 cm) from the masonry wall to create a small airspace. 

· The Visitor Center Trombe wall design details are shown in the cross section in Figure 2. The 6-ft-high (1.8-m) Trombe wall (740-ft2 total area (68.7-m2) is located on the entire length of south-facing walls of the Visitor Center. The wall is 44% of the total south facing wall area. The Trombe wall is 8-in (20-cm) grout-filled concrete masonry units (CMU) with an R-value of 2.5 hr·ft2·°F/Btu (0.4 K·m2/W). The other walls are 6-in (15-cm) framed walls with an R-value of R-16 hr·ft2·°F/Btu (2.8 K·m2/W). The Trombe wall has a single piece of high transmittance patterned glass installed on a thermally broken storefront system.
· A Trombe wall was an integral part of the heating system (at NREL’s Wind Site). This Trombe wall has a single piece of high transmittance patterned glass installed on a thermally broken storefront system in front of a 4-in-thick (10-cm) concrete wall with a selective surface. The other walls are 4-in-solid (10-cm) tilt-up concrete walls with an EIFS (exterior insulating finishing system). The 5-in (13-cm) exterior foam has an R-value of 25 hr·ft2·°F/Btu (4.4 K·m2/W). The total area of the Trombe wall is 44 ft2 (4.1 m2), or about 34% of the total south-facing wall. The roof overhang shades the Trombe wall for most of the summer. The interior surface is painted concrete.
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