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Abstract 

Due to changing anthropological activities, the consumption of resources is continuously 

increasing. As humans are spending more time indoors, the energy demand is also increasing. 

The building sector is a major consumer of energy. In buildings, space heating is important to 

maintain a comfortable space. For this, apart from increasing the thermal insulation and well-

constructed buildings, air-air heat recovery systems(among others) are being used to pre-

condition the ambient air, so that the exhaust air from the conditioned space can  pre-heat/ 

pre-cool the ambient air, depending on the season. 

In this thesis report, the run around coil heat recovery systems are discussed. A Multiphysics 

model on COMSOL® Multiphysics was created which was a scaled down version of an actual 

system. Real-life boundary conditions were provided as inputs to the model and its results 

were subsequently discussed. First, a literature review of the different air-air heat recovery 

systems was done, followed by discussing their various advantages and disadvantages. Next, 

an introduction to COMSOL®  was made, followed by the construction of the model and the 

materials, mesh and physics conditions which were used along with the solver configuration. 

In the end the model showed success in pre-heating the ambient air in winter and pre-cooling 

it in summer seasons. Along with that other results were also discussed. In the end some 

options for future work on the project were also discussed. 
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Sammanfattning 

Resursförbrukningen ökar kontinuerligt som ett resultat av förändrade antropologiska 
aktiviteter. Samtidigt ökar energibehovet i takt med att människor tillbringar allt mer tid 
inomhus. 

Byggsektorn är en stor energiförbrukare, inte minst genom byggnaders uppvärmning som är 

viktig för att upprätthålla goda komfortnivåer. För att uppnå detta används, förutom ökad 

värmeisolering och välkonstruerade byggnader, också bland annat så kallade luft-

luftvärmeåtervinningssystem för att förkonditionera den omgivande luften, så att frånluften 

från det konditionerade utrymmet kan förvärma eller -kyla den tillströmmande luften, 

beroende på säsong. 

I detta examensarbete diskuteras så kallade run around coil värmeåtervinningssystem. En 

Multiphysics-modell skapades med COMSOL® Multiphysics och utgjorde en nerskalad version 

av ett faktiskt system. Modellen simulerades med verklighetsbaserade randvillkor som 

insignaler varefter resultatet diskuterades.  

Inledningsvis gjordes en litteraturstudie av olika luft-luft värmeåtervinningssystem, följt av en 

diskussion om deras olika för- och nackdelar. Därefter konstruerades modellen i COMSOL®  

och inställningar för material, mesh och fysikförhållanden bestämdes och användes 

tillsammans med solver-konfigurationen. 

Simuleringen visade på att värmeåtervinningssystemet framgångsrikt förvärmer den 

tillströmmande luften på vintern och förkyler den under sommarhalvåret. Även andra resultat 

diskuterades liksom förslag på fortsatt arbete. 
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1 Introduction 

The anthropological activities have led to a constant increase in the global energy 

consumption which has consequently also led to increased carbon dioxide emissions. In fact 

in the past two decades (from 1984-2004), primary energy consumption has increased by 49% 

and Carbon Dioxide emissions by 43%. The global average annual increase was 2% and 1.8% 

for primary energy consumption and Carbon Dioxide emissions ( Pérez-Lombard , et al., 2007). 

While the energy consumption was greater in the developed countries, it is estimated that by 

the year 2020, the energy consumption of the developing countries would overtake the 

energy consumption of the developed countries ( Pérez-Lombard , et al., 2007). Since these 

countries still depend largely on fossil fuels to fulfill their energy needs, the estimate of carbon 

dioxide emissions is estimated to increase further. Since the early 20th century, the surface 

temperature of the earth has risen roughly by 0.8 °C (Riffat & Cuce, 2015). The buildings are a 

major end consumer of energy and account for roughly 30% of all Carbon Dioxide emissions 

(Riffat & Cuce, 2015) and accounts for a larger proportion (roughly 40%) of total energy 

consumption than industry and transport sectors in developed countries, such as north 

America, western Europe, Japan, New Zealand and Australia (Yang, et al., 2014). Given the 

increased economic development, rising heating, ventilation and air conditioning demands, as 

well as increased duration of individuals spending time indoors, the energy consumption of 

buildings has increased (Riffat & Cuce, 2015)and (Mardiana-Idayu & Riffat, 2012,).  

As a result of this, various studies have been conducted to improve the building energy 

efficiency, build tighter building envelopes, analyze the technical and economic impact of 

energy efficient measures, for the renovation of existing buildings, control of heating, 

ventilation and air conditioning systems (HVAC) and lighting systems (Yang, et al., 2014). There 

were also strict regulation changes in the building codes that were executed, especially in the 

EU (Allouhi, et al., 2015). Given different applications in the buildings, there are different “air 

changes per hour” (ACH). Buildings with increased ventilation demand such as hospitals and 

special laboratories have more ACH than, for example a residential building. In such buildings, 

ACH is often fulfilled by the HVAC systems, which are sources of huge heat losses [from 10]. 

However, by recovering the waste heat, it is possible to maximize the efficiency of buildings 

and reduce the heat load. 

The heat recovery systems are in widespread use in some European countries, especially in 

the high latitude nations such as Sweden and Germany ( (Fehrm , et al., 2002) in (Mardiana-

Idayu & Riffat, 2012,). There are different types of heat recovery systems, which are currently 

used, however, the focus of this report will be on the run around coil heat recovery systems, 

which are hugely beneficial under some special circumstances. After this introduction, section 

2 will focus on the description of the various air-air heat recovery systems, followed by their 

advantages and disadvantages. Sections 3 and 4 will focus on the computation model, for 

simulations of a scaled down version of a run around coil heat recovery system on COMSOL® 

Multiphysics. Section 3 will give an introduction of the software and what the basic workflow 

is which is recommended to be followed to perform any simulation. Section 4 focusses on the 

model description and will give insights into construction and simulation of the model as well 
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as the reasoning behind the assumptions. Finally in section 5 the results will be discussed 

followed by the conclusion in section 6. 
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2 Background 

HVAC systems, in the developed countries account for almost half the energy consumption of 

buildings and about one-fifth of the total national use for the EU. There are also predictions 

of a massive increase in this figure for the EU in the next 15 years ( Pérez-Lombard , et al., 

2007). However, utilization of heat recovery1 methods in ventilation could help in reducing 

the energy loads of the buildings. “Heat recovery is the process by which thermal energy is 

recovered from exhaust air for re-use within the building.”[ (Havtun, et al., 2017)]. In effect, 

the energy that would have been lost is recycled. There are different ways and available 

technologies to achieve this. The most common of them is the air-to-air heat recovery. The 

other types of available heat recovery technologies are: ventilation exhaust air heat pumps, 

dynamic insulation and ground pre-heat recovery etc.  

2.1 Air-to-air heat recovery systems 

These systems transfer the heat from one air stream to the other. The general components 

involved are ducts for the incoming supply/fresh air and outgoing/exhaust air, a heat 

exchanger core where the heat transfer happens, and also blower fans for the supply and 

exhaust air streams (Mardiana-Idayu & Riffat, 2012,). Depending on the season, these systems 

can be used to preheat or precool the incoming air stream. These systems are further classified 

as fixed plate heat exchangers, thermal wheels, heat pipes and run-around coils (Mardiana-

Idayu & Riffat, 2012,). 

2.1.1  Fixed plate heat exchangers 

Plate heat exchangers are the most common type of heat recovery device. In this unit, the 

plate exchanger surfaces are constructed of thin plates that are stacked together or consist of 

individual solid panels with individual airstreams (Mardiana-Idayu & Riffat, 2012,). There are 

therefore layers of separated, interleaved flow channels through which the supply and 

exhaust air flows. The construction materials of the channels are usually metals, various types 

of plastics and polymer membranes. The efficiency of these devices depends on the flow 

profile and they can be configured in a cross, counter or co flow configuration (Havtun, et al., 

2017). These can be used to transfer heat between any combination of gas, liquid and two 

phase streams. They are however not suited for greater ranges of temperature and pressure 

(Shah & Sekulic, 2003). Plate heat exchangers are further classified as gasket plate, spiral plate, 

plate coil and lamella exchangers. 

 
1 In this report, heat recovery refers to ventilation heat recovery unless otherwise stated 
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Figure 1. Cross flow fixed plate heat exchanger (DAIKIN, 2016) 

2.1.2 Thermal wheels 

A thermal wheel recovery system consists of a rotor with an inert and permeable storage 

mass fitted in a casing. By virtue of the rotation, there is intermittent heat transfer as the 

mass picks up heat from the warmer exhaust side and discharges it to the cooler supply air 

stream [ (Mardiana-Idayu & Riffat, 2012,) and (Havtun, et al., 2017)]. The rotor speed is 

relatively low, between 3-15 rpm. To reduce the risk of cross contamination between the air 

streams, a small “purging zone” is incorporated into the wheels. Here, the portion of 

outdoor air that passes through the section of wheel element that is closest to the exhaust 

zone is purged before it enters the supply duct. 

 

Figure 2. Representation of a thermal wheel (Mardiana-Idayu & Riffat, 2012,) 

 Rotor wheels are widely used and they are known for their high operating efficiency and low 

maintenance requirement. Another unique advantage of thermal wheels is their ability to 

recover both, latent as well as sensible heat (Mardiana-Idayu & Riffat, 2012,).   
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2.1.3 Heat pipes 

Heat pipe is a sealed, self-contained fluid evaporating-condensing system which is used for 

gas to gas heat recovery applications. It is a heat transfer device in which the latent heat of 

vaporization is utilized to transfer heat over a long distance with corresponding small 

temperature difference (Mardiana-Idayu & Riffat, 2012,). The construction of the device is 

such that the sealed tube contains a secondary fluid which acts as a refrigerant. A part of the 

tube acts as an evaporator and the other as a condenser. When the fluid absorbs heat via 

convective heat transfer from the hot gas, it gets converts to vapor and flows to the other side 

of the tube. That side acts as a condenser and the vapor again transforms into liquid 

transferring the heat to the cold external gas via convection. The fluid then flows back to the 

evaporator by capillary forces caused by a wick (Havtun, et al., 2017), where it is vaporized 

again, allowing for the cycle to repeat again. The heat pipe is able to transfer large amounts 

of heat via small cross sectional area with small temperature differences and promises higher 

capacity because of its higher thermal conductance than conventional heat exchangers (Shao 

& Riffat, 1997). 

 

2.1.4 Run-around heat coil  

This heat recovery system consists of two heat exchangers which generally have fins. A 

secondary working fluid exchanges heat with the air flowing in both heat exchangers. Such 

devices utilize the heat of the return air, which is extracted from a conditioned space and in 

turn pre-heat the incoming ambient supply air. This configuration can usually also be reversed 

so as to pre-cool the warm ambient air during warm seasons. The components of a typical 

run-around coil heat recovery system (RAHRS) are two finned tube water coils (liquid- to air 

heat exchangers], connecting pipes, a three way temperature valve and a pump (Tao Lu, et 

al., 2016). (Vali, et al., 2009) presented a numerical model of a RAHRS with two identical 

counter/cross flow plate heat exchangers. For that case, the number of transfer units (NTU), 

the heat capacity rate ratio of the fluids (Cr), the aspect ratio of the exchangers, and the 

entrance ratio of the exchangers were concluded to be a function of the overall effectiveness 

of the heat recovery system with two identical counter/cross flow heat exchangers. This was 

also verified using correlations from the literature for heat exchangers and RAHRS (Tao Lu, et 

Figure 3. Diagrammatic representation of a heat pipe and zoomed in view (Mardiana-Idayu & Riffat, 2012,) 
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al., 2016). Furthermore, (Vali, et al., 2009)  mentioned that a RAHRS system had an optimum 

performance, given constant NTU when the heat capacity rates of the liquid and the coupling 

liquid are equal.  

These heat recovery systems allow the ventilation airflow rate to be increased and at the same 

time not let the energy consumption of buildings to be increased. Thereby, saving significant 

energy. This was shown in  (Dhital, et al., 1995) as found in (Vali, et al., 2009), as they 

investigated energy savings in office buildings with and without RAHRS. 

Figure 4. Diagrammatic representation of a run around coil heat recovery system. (Mardiana-Idayu & Riffat, 
2012,) 

Another experimental study of a two dimensional steady-state mathematical model was 

developed by  ( Fan, et al., 2006). They studied the heat and water vapor transport in a RAHRS. 

Along with that, the system was also coupled with a lithium bromide solution for air-to-air 

heat exchange. The results demonstrated that the overall effectiveness of the system is 

dependent on the flowrate of the secondary liquid, the airflow rate, size of each heat 

exchanger, and the inlet operating conditions [ ( Fan, et al., 2006) as found in (Tao Lu, et al., 

2016)]. 

 A numerical model was presented for a range of outdoor air conditions for a run around 

membrane energy exchanger. The outdoor conditions in this case also had a dominating effect 

on the overall effectiveness of the system [  (Hemingson, et al., 2011) as found in (Tao Lu, et 

al., 2016)]. 

 (Emerson, 1984) pointed out that the rate of circulation of the secondary fluid is critical to 

the design and that for every application there is an optimum rate of circulation which gives 

the design of minimum cost. Failure to specify the correct rate of circulation may result in an 

excessively large and expensive installation. (Mardiana-Idayu & Riffat, 2012,) mentioned 

about the different possibilities of recovering heat in buildings. Apart from heat recovery in 

mechanical ventilation systems, they also included heat recovery assisted passive ventilation, 

heat recovery assisted-cooling air conditioning, heat recovery combined with 

dehumidification system and heat recovery coupled with photovoltaic/ solar panel. (Wallin, 

et al., 2012) summarized the findings from previous studies done on RAHRS and compared the 
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results for energy recovery between a traditional RAHRS, a three stage on/off controlled heat 

pump retrofitted into the system and a variable capacity heat pump  retrofitted into the 

system and discussed the improvement in the heat recovery efficiency by retrofitting the heat 

pump to the system. (Tao Lu, et al., 2016) implemented a new approach based on power-law 

relationship for the air side heat transfer, which they mentioned has a more dominating effect 

than the liquid side. They then used simple regression to estimate the supply air temperature 

increment (temperature difference between the outdoor airstream and the exhaust air 

stream from the supply heat exchanger). This was also tested with four different case studies.  

 

All the publications mentioned above have been field or numeric studies. Through this report, 

an attempt has been made to construct a RAHRS model on a multiphysics software which can 

then be optimized and be used as a cost effective method of confirming the solutions from 

other numeric studies or predict the expected behavior of new systems which are to be 

planned. 

2.1.4.1 Effectiveness of a Run around heat coil system. 

There are two commonly used parameters which can be used to determine the performance 

of air-air heat recovery systems. These are the supply temperature efficiency and the heat 

recovery efficiency for the supply air. While the former is a measure of the heat transfer 

efficiency between supply and exhaust airstream from temperature point of view, the latter 

defines what percentage of the heat can be recovered from the exhaust air for conditioning 

the supply air. The expression for the two are as follows. 

Figure 5. Details of temperature specifications (Tao Lu, et al., 2016) 

The supply temperature efficiency: 

𝜂𝑠𝑢𝑝 =
𝑠𝑢𝑝𝑝𝑙𝑦 𝑎𝑖𝑟 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡 

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 
=
𝑡𝑠𝑎 − 𝑡0
𝑡𝑒𝑏 − 𝑡𝑜

…… . (𝑒𝑞𝑛 1) 
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Which is the ratio of the temperature rise across the supply air heat exchanger to the 

difference between exhaust air temperature before the exhaust air heat exchanger and supply 

air temperature before the supply air heat exchanger.  

The heat recovery efficiency for the supply air: 

 𝜂𝑠ℎ  =
𝑎𝑐𝑡𝑢𝑎𝑙 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑓𝑜𝑟 𝑠𝑢𝑝𝑝𝑙𝑦 𝑎𝑖𝑟 

 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑓𝑜𝑟 𝑠𝑢𝑝𝑝𝑙𝑦 𝑎𝑖𝑟 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 ℎ𝑒𝑎𝑡 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 
=

𝑚𝑠𝑢𝑝(𝑡𝑠𝑢𝑝−𝑡𝑠𝑎)

𝑚𝑠𝑢𝑝
′ (𝑡𝑠𝑢𝑝−𝑡𝑜)

……(𝑒𝑞𝑛 2) 

Where, the temperature tsup is the temperature of the air stream which is to be maintained to 

circulate in the conditioned space (which is generally in the range 24- 26 oC). msup is the mass 

flow rate from tsa to tsup and msup
′  from to to tsup. Rest of the temperatures are marked in (figure 

5). 

2.1.5 Merits and demerits of different air-to-air heat recovery systems 

2.1.5.1  Fixed plate heat exchangers 

Fixed plate heat exchanger provide an excellent heat recovery because of their high heat 

transfer coefficients and the possibility of counter-current flow. This enables them to produce 

close end-temperature differences [ (Lamb, 1982) as found in (Mardiana-Idayu & Riffat, 

2012,)]. These are also simple in construction, are reliable, and require minimal maintenance, 

with only the filter requiring regular replacement. On the other hand, there is a possibility of 

summer heating, without a bypass installation. They also require increased fan energy due to 

an extra flow resistance and there is also risk of additional noise if they are badly designed or 

installed. There is ideally little possibility of cross-contamination when properly constructed 

however, faulty seals or structural damage might cause it (Havtun, et al., 2017). 

2.1.5.2 Thermal wheels  

Thermal wheels are unique in their ability to be able to transfer both latent as well as sensible 

heat. They also have high heat recovery efficiency of about 80% and are known for their 

trouble free operation (Mardiana-Idayu & Riffat, 2012,). Studies have also showed that the 

heat recovery by thermal wheels to be 2.5 times more than the heat recovered by sensible 

heat exchangers (Mardiana-Idayu & Riffat, 2012,). The static pressure drop across the system 

is low for thermal wheels. The demerits are that the supply and the exhaust ducts need to be 

placed adjacent due to design constraints. Also, the risk of cross contamination is inevitable 

and the motor required to rotate the wheel consumes extra energy. Finally, the “purge 

section” causes the thermal efficiency to reduce. 

2.1.5.3 Heat pipes 

In heat pipes there is no possibility of cross-contamination between the two airstreams, and 

the construction of the whole system is compact. Along with that, since there are no moving 

parts involved in the heat transfer process and there is no need for an external power source, 

the need for maintenance is also less. The system is also easily reversible. The system can be 

utilized for a large number of applications depending on the working fluid used. The demerit 

is however that it requires the exhaust and supply ducts to be adjacent to each other. 
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2.1.5.4 Run around heat coil system 

Due to a secondary liquid which transfers heat via tubes/pipes, the effective efficiency of the 

RAHRS is relatively less at 40-60%. Along with that, the pump used for the circulation of the 

working fluid, consumes additional energy which is about 5% of the energy available for the 

heat recovery, and the pump also requires frequent maintenance. However, in spite of the 

shortcomings, the RAHRS has a unique advantage that it does not require the exhaust and 

supply ducts to be adjacent. Due to this, there is no possibility of cross-contamination between 

the two air streams. Therefore such systems can be widely used in applications where cross 

contamination is a huge concern such as in surgery rooms in hospitals, and chemical or 

biological laboratories. These systems can also be readily used in retrofit applications where 

the supply and exhaust air ducts have already been installed. This system also offers the 

possibility to combine multiple supply and exhaust systems by a single loop. Lastly, the system 

is reliable and simple. 
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3 COMSOL® Multiphysics 

The COMSOL® group provides software solutions for multiphysics modelling. The company 

was founded in July 1986 in Stockholm, Sweden. In 1998, the company released the flagship 

product, COMSOL® Multiphysics. 

COMSOL® Multiphysics is an interactive simulation environment which is used to model and 

solve scientific and engineering problems. The software provides an integrated desktop 

environment with a Model Builder that provides a full overview of the model and access to all 

functionality and is available on the windows, iOS and LINUX operating systems. COMSOL® 

Multiphysics allows the user to extend conventional models for one type of physics into 

multiphysics models that solve coupled physics phenomena — and do so simultaneously.  

Using the built-in physics interfaces and the advanced support for material properties, one 

can build models by defining the relevant physical quantities — such as material properties, 

loads, constraints, sources, and fluxes — rather than by defining the underlying equations. It 

is also possible to apply these variables, expressions, or numbers directly to solid and fluid 

domains, boundaries, edges, and points independently of the computational mesh. The 

COMSOL® Multiphysics software then internally compiles a set of equations representing the 

entire model. The software has a flexible graphical user interface (GUI), in applications created 

using the Application Builder and deployed using the COMSOL® Compiler or COMSOL® 

Server™, or by script programming in Java® or the MATLAB® language.  

 

Figure 6. Default COMSOL® desktop with major windows and menus. (COMSOL , 2018) 

Using these physics interfaces, it is possible to perform various types of studies including: 

• Stationary and time-dependent (transient) studies 

• Linear and nonlinear studies 

• Eigenfrequency, modal, and frequency response studies 
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When solving the models, the COMSOL® Multiphysics software assembles and solves the 

problem using a set of advanced numerical analysis tools. The software runs the analysis 

together with adaptive mesh refinement (if selected) and error control using a variety of 

numerical solvers. The studies can make use of multiprocessor systems and cluster computing, 

and the user can run batch jobs and parametric sweeps. 

The COMSOL® Multiphysics software creates sequences to record all steps that create the 

geometry, mesh, physics, studies and solver settings, and visualization and results 

presentation. This makes it easy to parameterize any part of the model; simply change a node 

in the model tree and rerun the sequences. The program remembers and reapplies all other 

information and data in the model. 

Simulations can be performed for physics in the electrical, mechanical, fluid and chemical 

disciplines. These disciplines then contain numerous other physical conditions such as heat 

transfer, fatigue analysis, microfluids, wave propagation, pipe flow, quantum physics, 

structural mechanics and many other. From (COMSOL , 2018). 
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4 Methodology 

A model on COMSOL® Multiphysics was created with the aim of running simulations to test if 

the model responded as expected, and if it was able to pre-heat the incoming air, after 

recovering the heat from the exhaust air, from the exhaust air heat exchanger. The complete 

model was constructed on COMSOL® and due to limited computational power, the focus was 

on building a simple scaled down model. The system components included were the two heat 

exchangers, the secondary liquid pipes, and a pump. The three way valve was left out, for 

reducing complexity and computation time. 

There were a few other assumptions which the model was based on: 

1. No heat transfer occurs between the heat exchanger duct and the surroundings. 

2. Solution is for steady state conditions  

3. Supply and exhaust heat exchangers are identical  

4. The air and liquid solution have uniform properties at the inlet of each heat exchanger. 

5. The flow profile of the air is turbulent in nature, as design flow velocity is about 3m/s. 

6. The secondary fluid is completely water (for simplification). 

The heat exchangers were based on the geometric dimensions of the heat exchanger from 

Coiltech® AB, order number, QLFM-040-020-06-20-06-1 (COILTECH, 2009) however, the fin 

thickness was increased and so was the fin pitch from 2mm to 24 mm. Along with that instead 

of the designed six liquid loop rows, three were included in the model. The other dimensions 

such as the length and the width were almost the same, except for the height of the heat 

exchanger, which was almost halved.  

4.1 System configuration 

The computer on which the model was created and the simulations were carried out was an 

Intel® Core™ i7-7700K CPU @4.20GHz, 32 GB RAM, Windows™ desktop computer. The 

software used was COMSOL® Multiphysics 5.4.  

4.2 Geometric construction of the model 

For the model, the 3-D space dimension was selected from the model wizard, and the 

Nonisothermal pipe flow, Heat Transfer in Solids and Laminar flow physics were added. 

Finally the stationary study was selected. Once, the default COMSOL® desktop was displayed, 

the pipe loop was constructed on the x-y plane. The pipes are represented by simple lines 

between two points. This was followed by building an array for 3 liquid loops. Next, the fins 

were constructed on the x-y plane using the block feature from the ribbon tab. This 

construction was then encased in another rectangular block which acted as the air duct. This 

complete setup was one heat exchanger. The same procedure was followed for the other heat 

exchanger and then connecting pipes (carrying the secondary liquid between the two heat 

exchangers) were added.  Figure 7 represent the tree for the geometry interface and the final 

resultant model is represented in figure 8.  

 Table 1 below represents the dimensions of major components involved in the model. 
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Component name and Involved dimension(m) 

 Inlet air duct  Outlet air duct 

Length 0.48 0.45 

Width 0.31 0.24 

Height  0.12 0.12 

 Heat exchanger fins  

Number 16  

length 0.22  

thickness 0.01  

Height  0.1  

 Pipe  

Inner diameter 0.04  

Outer diameter 0.06  

Rows in the heat exchanger 3  

Table 1. Geometric dimension of major components 

Figure 8. Final geometry tree for the model Figure 7.Finished geometry of the system 
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4.3 Material selection 

Material for each component has to be specified in the software. The fins were modelled to 

be made out of aluminum and the water carrying pipes, out of copper and brass, with surface 

roughness of 0.61mm. This was selected in the nonisothermal Pipe Flow physics. 

 

4.4 Physics and boundary conditions 

In the model, heat transfer between the air, solid (fins) and the liquid (through the pipes in 

the heat exchanger) was to be added. Therefore, three physics were selected: Heat transfer 

in solids (taking into account the heat transfer in the fins and the air by conduction, convection 

and radiation), turbulent flow (for the flow profile of the air) and the nonisothermal pipe flow 

(accounting for the flow and heat transfer in the pipes). There are connections between the 

different flows, which were added based on the settings. A Multiphysics connection between 

the Heat Transfer in Solids and Turbulent flow is automatically creating by adding an inflow 

and outflow condition in turbulent physics at the same geometry occupied by the heat 

transfer physics. The connection between the liquid and the solid physics is also created 

automatically by adding the wall heat transfer node in the nonisothermal Pipe Flow, liquid 

interface. 

An explanation and rationale behind adding values in each physics is explained below.  

4.4.1 Heat transfer in solids 

This physics interface is used to model the heat transfer in solids due to conduction, 

convection and radiation. It uses the following version of the heat equation, as well as the 

Fourier’s law of heat conduction: 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
+ 𝜌𝐶𝑝𝑢. 𝛻𝑇 + 𝛻𝑞 = 𝑄……(𝑒𝑞𝑛 3) 

𝑞 = −𝑘𝛻𝑇…… (𝑒𝑞𝑛 4) 

Where, ρ is the solid density, Cp is the solid heat capacity at constant pressure, k is the solid 

thermal conductivity, u is the velocity field defined by the Translational Motion sub-node 

when parts of the model are moving in the material frame (not the case here), Q is the heat 

source (or sink) In this model, the heat source/sink are the water pipes. 

This interface is selected for the “two air ducts” and for the “fins”. Along with that a fluid node 

is also used to add the multiphysics connection between the air and the solids. 

Figure 9. Material tree 
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There were two of these physics interfaces which were created for each heat exchanger, one 

preheating/precooling the incoming air and the other which recovers the heat from the 

conditioned space. For the sake of simplicity, the preheater/ pre-cooler was considered to be 

the “lower heat exchanger (HX)” and the other to be the “upper heat exchanger (HX). The 

additions in both of them were similar so only the lower heat exchanger is discussed here.  

 

Following boundary condition attributes were used in this physics: 

1. Solid: The domain where heat transfer occurs was selected. I.e. the “fins” inside the 

“air duct”, the solid material properties were imported from the respective material 

specified before. 

2. Initial values: An initial value for temperature is added, that can serve as an initial 

condition for an initial guess for a non-linear solver, which is used in study 1. 

3. Thermal insulation: Here, all the boundary surfaces were selected where there was 

no heat flux across the geometry, thereby specifying where the domains are well 

insulated.  

The above mentioned three nodes are added to the physics by default. In addition to 

these, the following nodes were also added. 

4. Fluid: This node of the physics takes into account the air flow in the duct and its 

passage through the heat exchanger coil. It is concerned with handling the heat 

transfer in the fluids with respect to a solid i.e. the solid being the heat source or the 

heat sink (COMSOL®, 2019). The version of the heat equation is similar to the one used 

by “Solid” domain, but here all the properties are extracted for the fluid instead of the 

solid. 

5. Inflow: This node is used to model the heat flux from the inflow of air through a virtual 

domain. This node acts as the inlet of air to the system for the “lower HX” (COMSOL®, 

2019).  The equations used to model this heat flux from the air are: 

 

 

 

Figure 10. Model tree for heat transfer in solids physics interface 
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−𝑛𝑞 = 𝜌∆𝐻𝑢. 𝑛……(𝑒𝑞𝑛 5)  

Where, ∆𝐻 is: 

∆𝐻 = ∫ 𝐶𝑝𝑑𝑇

𝑇

𝑇𝑢𝑠𝑡𝑟

+ ∫
1

𝑝
(1 − 𝛼𝑝𝑇)𝑑𝑃

𝑃

𝑃𝑢𝑠𝑡𝑟

……(𝑒𝑞𝑛 6) 

6. Outflow: This node provides a suitable boundary condition for convection dominated 

heat transfer at the outlet boundaries. The temperature gradient in the normal 

direction is zero and there is no radiation (COMSOL®, 2019.   

4.4.2 Turbulent Flow 

The motion of fluid flow is governed by the Navier Stokes equation (eqn 7). These are together 

solved along with the continuity equation (eqn 8). While the former represents the 

conservation of momentum, the latter represents the conservation of mass. They are 

specified below. 

𝜌 (
𝜕𝑢

𝜕𝑡
+ 𝑢. ∇𝑢) = −∇𝑝 + ∇. (𝜇(∇𝑢 + (∇𝑢)𝑇) −

2

3
𝜇(∇. 𝑢)𝐼) + 𝐹 …… (𝑒𝑞𝑛 7) 

     1       2                        3         4 

𝜕𝜌

𝜕𝑡
+ ∇. (𝜌𝑢) = 0……(𝑒𝑞𝑛 8) 

Where, u is the fluid velocity, p is the fluid pressure, ρ is the fluid density, and μ is the fluid 

dynamic viscosity. The different highlighted terms in eqn. 7 correspond to: (1) the inertial 

forces, (2) pressure forces, (3) viscous forces, and (4) the external forces applied to the fluid. 

Solving these equations for a particular set of boundary conditions predicts the fluid velocity, 

its pressure given the geometry and the temperature (COMSOL, 2015). 

Since air is a Newtonian fluid, it is modelled as an incompressible fluid, therefore, in the 

continuity equation, the term, ∇. 𝐮 becomes = 0. In applications where (1) inertial forces are 

much larger than (3) the viscous forces, the Reynolds number is very high and the flow is said 

to be turbulent. To solve such simulations using the Navier-Stokes equation is beyond the 

capability of modern computers and supercomputers. Hence, COMSOL® uses a Reynolds 

Averaged Navier-Stokes (RANS) formulation of the Navier Stokes equation which averages the 

velocity and pressure fields in time. These equations can be computed in a stationary way on 

a relatively coarse mesh. Therefore, the equation for it (RANS formulation) becomes 

(COMSOL, 2015):  

𝜌(𝑈. ∇𝑈) + ∇. (𝜇𝑇 (∇𝑈 + (∇𝑈)
𝑇)) −

2

3
𝜇𝑇((∇. 𝑈)𝐼) = −∇𝑃 + ∇. (𝜇(∇𝑈 + (∇𝑈)

𝑇) −
2

3
𝜇(∇. 𝑈)𝐼) + 𝐹 

                  1                       2             3                     4 

…….(eqn 9) 
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Here, U and P are the time-averaged velocity and pressure, respectively. The term μT
 

represents the turbulent viscosity, i.e., the effects of the small-scale time-dependent velocity 
fluctuations that are not solved for by the RANS equations (COMSOL, 2018). 

The turbulent viscosity, μT, is evaluated using turbulence models. The k-ε turbulence model 

was used in this simulation as it is both robust and computationally inexpensive. It is also the 
most widespread model and is the default choice for turbulence models in COMSOL®. It 
consists of solving two additional equations for the transport of turbulent kinetic energy k and 
turbulent dissipation ϵ.   

Following boundary condition attributes were used in this physics: 

1. Fluid properties: This node adds the continuity and momentum equations described 

above, except for the (4) volume force, F mentioned above in the eqn 9. It can however 

be added separately by the volume force option. Here, material properties of the fluid 

can also be specified. However, those properties were directly used from the defined 

material, air. Due to the existing multiphysics connection between the turbulent flow 

and heat transfer in solids physics nodes, the temperature of that multiphysics node, 

nonisothermal flow is taken as the input temperature automatically. Since, the 

geometry was not complicated, the mixing length limit was kept as default (COMSOL, 

2018) . 

2. Initial Values: As already mentioned in section 4.4.1, this node provides an initial 

solution for a non-linear solver in a stationary simulation. The velocity field is specified 

for the air flow which is 3m/s in the y direction. Initial values for turbulent kinetic 

energy (k) and turbulent dissipation rate (ϵ) is also mentioned as default values 

(COMSOL®, 2019). 

3. Wall: This node includes a set of boundary conditions describing fluid-flow conditions 

at stationary, moving, and leaking walls. The default no slip boundary condition was 

selected hence, u=0 (COMSOL®, 2019). 

4. Inlet: This node is used on boundaries when there is a net flow into the domain. The 

normal inflow velocity was used as 3m/s. The turbulent intensity and turbulence 

length scale values are related to the turbulence variables k and ϵ. Default values for 

both the parameters were selected. I.e. 0.05 and 0.01 m respectively (COMSOL®, 

2019). 

Figure 11. Model tree of Turbulent flow physics interface 
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5. Outlet: This condition is be used on boundaries for which there is a net outflow from 

the domain. To specify the flow, the pressure at the outlet is specified. It is the relative 

pressure and was set as 0 bar. The normal flow and suppress backflow options were 

also checked. The former ensures the flow of the fluid is perpendicular to the outlet 

boundary and the latter prevents the fluid from entering the domain through the 

outlet (COMSOL®, 2019). 

 

4.4.3 Nonisothermal Pipe Flow 

This node is used to calculate the temperature, velocity and the pressure fields in pipes and 

channels of different shapes and sizes. It approximates the pipe flow profile by 1D 

assumptions in curve segments, or lines. These lines can be drawn in 2D or 3D and represent 

simplifications of hollow tubes. The physics also handled heat transfer between the air and 

the solid surfaces through convection and conduction. In the settings window, the Newtonian 

option was selected as the liquid being modelled was water. The default nodes in this physics 

are Fluid, Pipe Properties, Pressure, Temperature, and Initial Values. In addition to these, 

wall layer, pressure and pump were also added. Below is the detailed explanation of each 

boundary condition node in this physics interface: 

Figure 12. Settings menu for pipe properties, specifying the diameter and surface roughness of the pipes 
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Figure 13. Tree for the nonisothermal physics interface 

1. Fluid: The liquid loop edges where the working fluid, water is flowing in the system, were 

selected and its properties were imported from the materials interface automatically.  

2. Pipe properties: Pipe properties such as inner diameter, and the surface roughness were 

the input parameters. The inner pipe diameter was specified as 0.04 m and the surface 

roughness was selected for copper and brass pipes, which corresponds to 0.00061 m. 

These parameters determined the friction factor f from the Churchill equation. Which can 

then be used to find the pressure drop in the system due to frictional pressure loss. 

3. Pressure, Temperature: There were no open points in the liquid loop, i.e. no points that 

are open to the atmosphere, hence, it was not possible to select any points for these node.  

4. Initial values: As an initial guess for nonlinear solvers, the initial values of temperature 

(280.15 K), pressure (1.5 bar) and tangential velocity (0 m/s) were input. 

5. Wall heat Transfer: This node handles the heat transfer between the pipe and the external 

environment. It also has three other sub-nodes which were added in this instance. They 

are internal film resistance, external film resistance and wall layer. The software suggests 

at least one internal film resistance layer be added. In this model all three were added 

because the pipe was “drilled” through the solid finned plates. Also, the wall layer sub-

node handles the heat transfer through conduction, after calculating the effective 

resistance between the pipe and the solid it is embedded in. The external film resistance 

is concerned with the heat transfer via convection between the pipe and the external fluid 

and vice versa for the internal film layer.  The main equations concerned with each sub-

node are given below. 

The energy equation for incompressible fluid flow in a pipe is: 

 

𝜌𝐴 𝐶𝑝
𝜕𝑇

𝜕𝑡
+ 𝜌𝐴𝐶𝑝𝒖𝛁𝑇 = 𝛁𝐴𝑘𝛁𝑇 + 𝑓

𝜌𝐴

2𝑑
𝒖𝟑 + 𝑸+ 𝑄𝑤𝑎𝑙𝑙 + 𝑸𝒑… . . . (𝑒𝑞𝑛 10) 

 

Where 𝜌 is the fluid density, A is the cross sectional area available for flow, Cp is the heat 

capacity at constant pressure, T is the temperature, u is a velocity field. Further, k is the 

thermal conductivity. The second term on the right hand side corresponds to friction heat 

dissipated due to viscous shear. Q represents a general heat source, Qwall represents 

external heat exchange through the pipe wall and Qp, which was neglected in this case 

since the pressure drop is not significant and the fluid is not compressible.  

The term Qwall is calculated with the help of the sub-nodes.  
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𝑄𝑤𝑎𝑙𝑙 =  (ℎ𝑍)𝑒𝑓𝑓(𝑇𝑒𝑥𝑡 − 𝑇)… . . (𝑒𝑞𝑛 11) 

 

Where (hZ)eff is an effective value of the heat transfer coefficient h times the wall 

perimeter Z of the pipe. Text  is the external temperature outside of the pipe. 

 

(ℎ𝑍)𝑒𝑓𝑓 = 
2𝜋

1
𝑟𝑖ℎ𝑖𝑛𝑡

+ 
1

𝑟𝑜ℎ𝑒𝑥𝑡
+
ln (

𝑟𝑜
𝑟𝑖
)

𝑘𝑤𝑎𝑙𝑙

 …… (𝑒𝑞𝑛 12) 

 

Here, ri is the inner radius of the pipe, and hint  is the convective heat transfer for the internal 

film whereas ro is the outer radius of the pipe and  hext is the convective heat transfer co-

efficient for the external fluid film. Kwall is the thermal conductivity of the wall.  To evaluate 

the parameters, the sub-node equations were utilized. Hence, by computing the values of 

these parameters, ultimately, eqn 12 was solved. 

5.1. Internal film layer: This sub-node computes the value of the internal film convective 

heat transfer coefficient, hint by using the Nusselt number, Nu according to the 

following equations. 

ℎ𝑖𝑛𝑡 = 𝑁𝑢
𝑘

𝑑
……(𝑒𝑞𝑛 13) 

 

The minimum of the Nusselt number for turbulent or laminar flow is then substituted in 

eqn 13.  For laminar flows, the Nusselt number for circular pipes is 3.66. However, for 

internal turbulent forced convection, Gnielinski equation (eqn 14) is used. 

 

𝑁𝑢𝑡𝑢𝑟𝑏 = 
(
𝑓𝐷
8⁄ ) (𝑅𝑒 − 1000)𝑃𝑟

1 + 12.7 √
𝑓𝐷
8⁄ (𝑃𝑟

2
3 − 1)

…… (𝑒𝑞𝑛 14) 

 

Where Pr is the Prandtl number, fD is the friction factor and Re is the Reynolds number. 

Pr =  
𝐶𝑝𝜇

𝑘
………(𝑒𝑞𝑛 15)   

 

For this sub-node, the automatic heat transfer model type was selected from the settings 

window. 

5.2. External Film layer: This sub-node is similar to the internal film layer in process, 

however the equations differ and the calculations are carried out for an external fluid 

where forced convective heat transfer occurs between that fluid and the outermost 

layer of the pipe, which, in this case is the outer diameter of the pipe, as there is no 

insulation on it. The equations compute the parameter hext by again using the Nusselt 

and the Prandtl numbers. This is done by the following equations. 
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ℎ𝑒𝑥𝑡 = 𝑁𝑢
𝑘

𝑑
 … . (𝑒𝑞𝑛 16) 

 

In this case, the Nusselt number is independent of the flow being laminar or turbulent 

and is valid for all Reynolds numbers for external forced convection (which is the case 

here), the Nusselt number is given by the Churchill and Bernstein equation (eqn 17): 

 

𝑁𝑢 = 0.3 + 
0.62√𝑅𝑒𝑃𝑟

1
3⁄

(1 + ((0.4 𝑃𝑟⁄ )
2
3⁄ )
1
4⁄
[1 + (𝑅𝑒 282000⁄ )

5
8⁄
]

4
5⁄

……(𝑒𝑞𝑛 17)  

 

5.3. Wall layer: This sub-node is concerned with calculations of heat transfer on the pipe 

wall with regards to conduction. The thermal conductivity and wall thickness were the 

inputs required, which were specified as 385 (W/m.K) and 0.01 m. With these 

parameters, the third term in the denominator of eqn 12 is calculated. 

 

6. Pump: This node requires a point selection and simulates the flow of the fluid though a 

pump. The direction of flow was specified from the pre-cooling heat exchanger to the heat 

absorption heat exchanger, i.e. in the positive y-direction. The mass flow rate through the 

pump was also specified as 0.5 kg/s as an estimate. 

7. Pressure: A control point was specified with pressure setting of 1.5 bar at the inlet of the 

“lower heat exchanger”. This can be varied to achieve the desired liquid flow. 

 

4.4.4 Multiphysics couplings 

An empty Multiphysics node is added automatically by the software when two (or more) 

physics interfaces are set up in a model such that there is a possibility to couple those physics 

interfaces. In other words, If the physics interfaces are added one at a time, and the software 

identifies these physics interfaces as being of the multiphysics category, the Multiphysics 

node is automatically added to the Model Builder. In this case, due to couplings between the 

heat transfer in solids and turbulent flow physics interfaces, two multiphysics couplings are 

added in the model builder, one for each heat exchanger geometry.  

 

 

In this case, since the coupling is between the fluid and the heat transfer interfaces, the 

nonisothermal flow multiphysics coupling is added. The interface utilizes the Kays Crawford 

model (in this case) to model the Prandtl number, which is then used to calculate the heat flux 

Figure 14. Tree for the multiphysics interface 
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between the fluid and a wall (solid), each with temperatures Tf and Tw. The Kays-Crawford 

model and the subsequent equations used are given below: 

𝑃𝑟𝑇 = (
1

2𝑃𝑟𝑇∞
+

0.3

√𝑃𝑟𝑇∞

𝐶𝑝𝜇𝑇

𝜆
− (

0.3𝐶𝑝𝜇𝑇

𝜆
)
2

(1 − 𝑒
𝜆
(0.3𝐶𝑝𝜇𝑇√𝑃𝑟𝑇∞)
⁄

))

−1

……(𝑒𝑞𝑛 18) 

 

Where the Prandtl number at infinity is PrT∞ = 0.85 and λ is the conductivity. To calculate the 

heat flux, the following equations are used: 

𝑞𝑤𝑓 =
𝜌𝐶𝑝𝜇(𝑇𝑤 − 𝑇𝑓)

𝑇+
……(𝑒𝑞𝑛 19) 

Where ρ is the fluid density, Cp is the fluid heat capacity, u is the friction velocity given by the 

wall treatment and T+ is the dimensionless temperature and is given by (COMSOL®, 2019): 

𝑇+ =

{
 

           (15𝑃𝑟
2
3⁄ −

500

𝛿𝑤
+2
)          𝑓𝑜𝑟𝛿𝑤1

+ ≤ 𝛿𝑤
+ ≤ 𝛿𝑤2

+

𝑃𝑟

𝜅
𝑙𝑛𝛿𝑤

+ + 𝛽                  𝑓𝑜𝑟 𝛿𝑤2
+ ≤ 𝛿𝑤

+

 …… (𝑒𝑞𝑛 20) 

In effect,  

𝛿𝑤
+ =

𝛿𝑤𝜌√𝐶𝜇
1
2⁄ 𝜅

𝜇
…… . (𝑒𝑞𝑛 21)          𝛿𝑤2

+ = 10√
10𝜅

𝑃𝑟𝑇
 …… (𝑒𝑞𝑛 22) 

𝛿𝑤1
+ = 

10

𝑃𝑟
1
3⁄
……(𝑒𝑞𝑛 23)                       𝑃𝑟 =

𝐶𝑝𝜇

𝜆
…… (𝑒𝑞𝑛 24) 

𝛽 = 15𝑃𝑟
2
3⁄ −

𝑃𝑟𝑇
2𝜅

(1 + 𝑙𝑛 (1000
𝜅

𝑃𝑟𝑇
))… . . (𝑒𝑞𝑛 25) 

λ is the thermal conductivity, and 𝜅 is the von Karman constant equal to 0.41. 

δw is the distance between the computational fluid domain and the wall, which is always hw/2 

for automatic wall treatment where hw is the height of the mesh cell adjacent to the wall. hw/2 

is almost always very small compared to any geometrical quantity of interest, at least if a 

boundary layer mesh is used. (COMSOL®, 2019).  

The model was also tested for reverse condition. I.e. when the ambient air is warmer than the 

air required to be supplied and it needs to be pre-cooled instead. The inlet parameters for 

both the cases are represented in table 2: 
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Characteristics Normal operation Reversed operation 

Air characteristics in “lower HX”   

1. Moisture content 20% 30% 

2. Inlet temperature 273.15 K 303.15 K 

3. Inflow velocity 3 m/s 3 m/s 

Air characteristics in “upper HX”   

4. Moisture content 45% 45% 

5. Inlet temperature 298.15 K 299.15 K 

6. Inflow velocity 3 m/s 3 m/s 

Water characteristics   

Mass flow rate through the pump 0.5 Kg/s 0.5 Kg/s 

Table 2. Input boundary conditions for the three physics interfaces 

4.5 Meshing 

The geometry of the model is discretized into meshes and a good mesh facilitates 

convergence, reduces memory requirements, and results in accurate solutions. A good mesh 

is one which does not have any void regions in the computational domain and has no 

overlapping mesh elements. It should also aim for having high quality, sufficient resolution 

and low computation cost. These parameters are often in contradiction to one another. While 

a high quality mesh element is one which is as isotropic as possible. (Wollblad, 2018) 

When a new component is added to the model builder, the software provides an option of 

meshing different geometries with different meshing coarseness, by selecting the user-

controlled mesh from the sequence type drop down list. Thus the Free tetrahedral mesh 

option was selected which selects an unstructured mesh, i.e. a mesh with irregular 

connectivity. Such kind of meshes offer great flexibility and are well suited for complicated 

geometries (Bretz, 2016). Further, since the fins and the pipes in the heat exchanger should 

have a finer mesh, additional mesh of size extra fine was specified, with an additional setting 

of fluid dynamics selected to provide more accurate results. The remaining geometry was 

meshed with the free tetrahedral mesh setting as well, the result of which can be seen in 

figure 15. 

Figure 15. Tree for the mesh with different sizes 
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4.6 Studies and solver configuration 

A study node holds all the nodes that define how to solve a model. Such nodes are divided 

into three broad categories: Study steps, solver configurations and job configurations (which 

is activated only if the advanced study options are activated from the show menu. 

For this model, an initial solution was obtained for the dependent variable of the heat transfer 

in solids and laminar flow physics nodes. Then based on that initial solution, due to the 

coupling between the nonisothermal pipe flow and the heat transfer in solids physics nodes, 

the final solution was obtained. The former study is a stationary one way coupled NITF study, 

which adds two study steps, one which solves for the fluid flow and the second which solves 

for the heat transfer module. The latter is a general stationary study which solves the initial 

solution obtained from the previous NITF study. 

While solving a multiphysics problem, there are two types of approaches which can be 

followed to arrive at the solution: the fully coupled and the segregated approach. The former 

forms a single large system of equations that solve for all of the unknowns and includes all of 

the couplings between the unknowns (the multiphysics effects) at once, within a single 

iteration. Whereas the latter, segregated approach, subdivides the problem up into two or 

more Segregated Steps. Each step usually represents a single physics. These individual 

segregated steps are smaller than the full system of equations that are formed with the Fully 

Coupled approach. The Segregated steps are solved sequentially within a single iteration, and 

thus less memory is required. In this model, the segregated approach was used for solving the 

first study while the fully coupled approach for solving the second one. Since the Fully Coupled 

approach includes all coupling terms between the unknowns, it often converges more robustly 

and in less iterations as compared to the segregated approach. However, each iteration will 

require relatively more memory and time to solve, so the segregated approach can be faster 

overall (COMSOL, n.d.). 

Irrespective of the two approaches, there are two classes of algorithms available for solving 

linear systems of equations, the Direct and the iterative solvers. Direct solvers are the most 

Figure 16. Final mesh rendering of the model 
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robust and general ones which are based on the LU decomposition (lower upper 

decomposition). However, they do require a lot of memory and computational time. Iterative 

solvers on the other hand require less memory and time but are less robust and their 

convergence is slower for so called “ill conditioned” problems (COMSOL, n.d.) and (Frei, 2013). 

 

 

The studies of the model were designed in such a way that in Study 1, an initial solution to the 

turbulent flow and heat transfer in solids physics are obtained. Then that solution was used 

to initialize the second study which solved for the nonisothermal pipe flow physics and the 

multiphysics couplings between the other two physics. Study 1 has 4 study steps. The first and 

the third one solve for the turbulent flow physics while the second and fourth steps solve the 

heat transfer in solids physics in combination with the multiphysics. Consequently, steps 1 and 

3 of study 1, utilize the segregated approach and obtain the solutions to the equations using 

both the direct and iterative solvers. For solving the velocity and pressure field, an iterative 

solver, “Algebraic multigrid solver” was used and for the kinetic energy and dissipation rate 

turbulence variables, a direct solver, PARDISO, was used. For study 1, steps 2 and 4 also a 

segregated approach was used, but for solving all the equations, the iterative solver Geometric 

multigrid was used. Subsequently, study 2 was added, which had just one step, and it followed 

the fully coupled approach, and used a direct solver MUMPS to obtain the solutions. To 

initialize the study step, from the settings menu of step 1, from the Values of dependent 

variables menu, under Values of variables not solved for menu, user controlled was selected 

Figure 17. Tree of Study 1 with different solvers used for step 1 and 2 
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in the settings menu. Furthermore, study 1 was selected in the study option. This enables 

study 2 to input the value of the velocity field in the current study from the previous solution 

of study 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Tree for study 2, showing fully coupled approach and using a direct solver 
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5 Result & discussion 

The Results interface is concerned with the post processing of the solved data. By default, 

plots of temperature, pressure and velocity are added. To validate the correctness of the 

model, it should behave such that the air exiting from the “Lower heat exchanger” must have 

gained some temperature, while the opposite should happen in the “upper heat exchanger”. 

Meanwhile there should be a temperature drop in the water as it passes through the “lower 

heat exchanger” and temperature gain after passing through the “upper heat exchanger”.  

5.1 Normal operation of the system 

The following section illustrates results from the normal operation of the system, where the 

ambient air needs to be pre-heated. 

5.1.1 Lower heat exchanger 

As mentioned before, this is the heat exchanger which preheats/ pre-cools the incoming air 

based on the mode of operation.  It can be seen from figure 19 that the air leaving the heat 

exchanger is warmer than the air entering.  Furthermore, the solids fins have a much warmer 

surface temperature. The approximate temperature increase of the air can be said to be 

around 2.5o – 3o C. In this model, just 16 fins were present, which is far away from the actual 

number present in a heat exchanger. 

 

 

 

As the number of fins increase, the efficiency of the heat exchanger should also increase. As 

can be seen in figure 20, by increasing the number of fins, in both the heat exchangers, the 

temperature profile changes, with the air temperature at the exit increasing to about 277- 

278K. Hence, by modelling a heat exchanger similar to the one used in such systems in real 

life, better heat transfer should be expected. 

Figure 19. Multislice temperature plot. 
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Figure 20. Multislice plot for heat exchanger with 32 fins 

The surface temperature profile at the “duct” outlet can also be seen from figure 22, which 

also illustrates the maximum and minimum temperatures of the solids and, or air along with 

figure 21. The maximum temperature of about 281 K is recorded near the exit of the heat 

exchanger on the solid fin and the minimum temperature at its inlet, of the incoming air. 

Figure 24, illustrates the air velocity with the outlet velocity being about 2.5-3 m/s and the 

maximum being over the fins and at the walls, which is understandable because of the 

geometry inside the heat exchanger. 

 

 

Figure 21. Exit air temperature profile 
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5.1.2 Upper heat exchanger  

As mentioned before, this heat exchanger should recover the heat. In other words, the air 

temperature should drop, transferring the heat to the water in the solid pipes. 

 

 

Figure 22. Surface plot illustrating the temperature of the outlet surface. 

Figure 24. Multislice plot illustrating the temperature profile inside the heat exchanger 

Figure 23. Air velocity profile inside the heat exchanger. 
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This process is occurring, which can be validated from figures 24 and 25. A reduction in 

temperature of about 3oC can be seen as the inlet air temperature reduces, from 298 K (25oC), 

to about 295 K (22oC). Also, as seen from figure 24, the minimum temperature is at the outlet 

of the heat exchanger and the maximum at its inlet. 

 

 

Again, as stated in 5.1.1, with increasing number of fins with reduced thickness, the heat 

transfer process should become more efficient. The results from increasing the number of fins 

from 16 to 32 and reducing the pitch and thickness in both the cases to 12 mm and 4 mm 

respectively, show a better heat transfer process, illustrated in figure 26. The temperature at 

the exit of the heat exchanger drops to about 294 K from 298 K at the inflow condition. 

 

Figure 26. Multislice plot for heat exchanger with 32 fins 

Figure 25. Temperature profile of the air and fins at the outlet of the heat exchanger 
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5.1.3 Pipes 

The pipes carry the working fluid and the pressure, velocity and temperature graphs were 

drawn for them. As expected, the water in the pipes releases the heat when it passes through 

the lower heat exchanger, transferring the heat to the incoming air via the fins. The 

temperature flow is such that, in the “lower heat exchanger”, the pipe temperature is the 

highest, followed by the fin temperature, which then pre-heats the incoming air. The reverse 

happens in the “upper heat exchanger, where the incoming air from the conditioned space is 

the warmest, followed by the fins and then the water heats up, thereby recovering the energy.  

This is illustrated in figure 29. However, it can be seen that the temperature difference 

between the inlets at the two heat exchangers, is just 0.17oC. With more accurate mesh, and 

flow rate conditions, as well as number of fins, this value should get improved. Along with the 

fact that instead of the specified six liquid loops, 3 were used and two liquid passes, inside the 

heat exchanger were modelled instead of four. 

Figure 27. Outlet surface temperature 

Figure 28. Velocity profile of air inside the heat exchanger 
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Figure 29. Temperature profile of the pipes 

 

 

 

Figure 30. Flow velocity inside the pipes 

 

Figures 30 and 31 help to illustrate the flow direction and the pressure and velocity in the 

system. Figure 30 confirms that the flow of water is from the “lower heat exchanger” to the 

“upper heat exchanger” in a clockwise direction, with the maximum velocity being 0.4 m/s 

outside the heat exchangers, while the minimum velocity being inside the heat exchangers, of 

around 0.13 m/s. The pressures also display the expected trend, as it increases after the 

specified pressure point and then reduces until it completes the loop again. 
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Figure 31. Pressure profile in the pipes 

5.2 Reversed mode of operation 

As mentioned above, the run around heat recovery system can also be used to pre-cool the 

incoming ambient warm air. For this setup, the direction of the pump was reversed and the 

water now flowed from the “upper heat exchanger” to the “lower heat exchanger” in a 

counter-clockwise direction. The obtained results are mentioned below. 

5.2.1 Lower heat exchanger  

 

 

The plots, in figure 32 and 33 show that the warm air temperature reduces after passing 

through the heat exchanger. Again, the temperature reduction just about 1.5oC, however, the 

points about increasing the number of fins and making the geometry close to actual heat 

exchangers, mentioned in the previous sections apply here as well. 

 

Figure 32. Surface temperature profile at the outlet 



-43- 
 

 

5.2.2 Upper heat exchanger 

The temperature of the return air from the conditioned space increases after passing through 

this heat exchanger. The temperature increase was about 1.5oC. This is illustrated in figures 

34 and 35. 

 

 

Figure 33. Multislice plot illustrating the temperature profile inside the heat exchanger 

Figure 34. Surface profile at the outlet 

Figure 35. Temperature profile inside the heat exchanger 
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5.2.3 Pipes 

The pressure and velocity plots, represented by figures 36 and 37, illustrate the similar results 

as discussed in 5.1.3 albeit in the opposite direction. Figure 38 illustrates the temperature plot.  

 

 

 

It can be noted that the temperature trend is opposite and understandably so. In this mode, 

the temperature of the water gained heat, thereby reducing the temperature of the ambient 

air which passes through the “lower heat exchanger” and releases heat to the “upper heat 

exchanger” as the return air passes through it, gaining heat in the process. 

Figure 36. Pressure profile of the water 

Figure 37. Flow velocity of the water 
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Figure 38. Temperature profile of the water in pipes 

 

5.3 Energy balance for supply heat exchanger 

As a post processing step, a simple energy balance for the ‘lower heat exchanger’ or the supply 

heat exchanger during the normal mode of operation was also done. It can be identified fro 

he previous results that the cold air is being preheated there. In the heat exchanger, the 

secondary fluid, water is losing the heat energy and the air is gaining it. Ignoring all other heat 

interactions, a simple energy balance is presented below 

�̇�𝑎𝑖𝑟 = �̇�𝐶𝑝_𝑎𝑖𝑟Δ𝑇𝑎𝑖𝑟 ……(𝑒𝑞𝑛 26) 

�̇�𝑤 = �̇�𝑤𝐶𝑝_𝑤Δ𝑇𝑤……(𝑒𝑞𝑛 27) 

For energy balance, equations 26 and 27 should be equal. I.e. the heat energy lost by the water 

should be equation the heat energy gained by the air. 

Now, �̇� = 𝓋. 𝐴   

Where 𝓋 is the mentioned inlet velocity and A is the area of flow. 

𝐶𝑝_𝑎𝑖𝑟 = 1KJ/kg-K   𝐶𝑝_𝑤 = 4.2 KJ/kg-K 

Δ𝑇𝑎𝑖𝑟 =(275.65 – 273.15)K  Δ𝑇𝑤 = (286.14 – 285.97)K 

𝓋 =3 m/s    �̇�𝑤 = 0.5 kg/s 

A = [(0.48 * 0.12) – (0.01*0.1)*16] =0.0416 m2/s 

For the flow area, A, from the available inlet area, the area occupied by the 16 fins is 

subtracted. Hence, we finally get the following equations: 

�̇�𝑎𝑖𝑟 = (3 ∗ 0.0416) ∗  1 ∗  2.5 =  0.312 𝑘𝑊……(𝑒𝑞𝑛 28) 

�̇�𝑤 = 0.5 ∗ 4.2 ∗ 0.17 = 0.357 𝑘𝑊……(𝑒𝑞𝑛 29) 

Therefore, it can be said that�̇�𝑎𝑖𝑟 ≈ �̇�𝑤. The difference between the values can be attributed 

to the fact that the temperature of the air at the outlet is not uniform and if the value of 
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Δ𝑇𝑎𝑖𝑟 be calculated by equating equations 26 and 27, its value comes to 2.86 oC, which might 

be a good approximation for this case.  

 

5.4 Parametric studies 

To check the response of the system, the mass flow rate of the secondary fluid was altered 

from 0.1 kg/s to 0.8 kg/s. This was done by adding a parameter ‘m’ which was then used as 

an input to the pump node in the nonisothermal pipe flow interface. Also, the pressure in the 

system, defined by the node pressure 2 was varied. It was varied from 1 bar for mass flow 

rates between 0.1 to 0.5 kg/s and 1.5 bar for mass flow rates between 0.6 to 0.9 kg/s. To do 

this, a parametric sweep step was added in study 2. The results for the same are illustrated 

below. 

1. Mass flow rate of 0.1 kg/s 

 

Figure 39. Temperature profile of the water in pipes for �̇�𝑤=0.1kg/s 

 

Figure 40. Temperature profile for the heat exchanger for �̇�𝑤=0.1kg/s 
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2. Mass flow rate of 0.2 kg/s 

 

Figure 41. Temperature profile of the water in pipes for �̇�𝑤=0.2 kg/s 

 

 

Figure 42. Temperature profile for the heat exchanger for �̇�𝑤=0.2 kg/s 

 

3. Mass flow rate of 0.3 kg/s 

 

Figure 43. Temperature profile of the water in pipes for �̇�𝑤=0.3 kg/s 
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Figure 44. Temperature profile for the heat exchanger for �̇�𝑤=0.3 kg/s 

 

4. Mass flow rate of 0.4 kg/s 

 

 

Figure 45. Temperature profile of the water in pipes for �̇�𝑤=0.4 kg/s 

 

 

Figure 46. Temperature profile for the heat exchanger for �̇�𝑤=0.4 kg/s 
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5. Mass flow rate of 0.5 kg/s 

 

Figure 47. Temperature profile of the water in pipes for �̇�𝑤=0.5 kg/s 

 

 

Figure 48. Temperature profile for the heat exchanger for �̇�𝑤=0.5 kg/s 

 

6. Mass flow rate of 0.6 kg/s 

 

Figure 49. Temperature profile of the water in pipes for �̇�𝑤=0.6 kg/s 
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Figure 50. Temperature profile for the heat exchanger for �̇�𝑤=0.6 kg/s 

 

7. Mass flow rate of 0.7 kg/s 

 

 

Figure 51. Temperature profile of the water in pipes for �̇�𝑤=0.7 kg/s 

 

 

Figure 52. Temperature profile for the heat exchanger for �̇�𝑤=0.7 kg/s 
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8. Mass flow rate of 0.8 kg/s 

 

 

Figure 53. Temperature profile of the water in pipes for �̇�𝑤=0.8 kg/s 

 

 

Figure 54. Temperature profile for the heat exchanger for �̇�𝑤=0.8 kg/s 

 

9. Mass flow rate of 0.9 kg/s 

 

Figure 55. Temperature profile of the water in pipes for �̇�𝑤=0.9 kg/s 
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Figure 56. Temperature profile for the heat exchanger for �̇�𝑤=0.9 kg/s 

From all the results, it can be concluded that as the mass flow rate of the secondary fluid 

increases, its temperature difference between the inlet and outlet of the heat exchanger 

reduces. Consequently the temperature of the fins as well as the temperature of the air at 

outlet also increase by increasing the mass flow rate. Therefore, it can be concluded that by 

increasing the mas flow rate of the secondary fluid, the outlet air temperature should be 

expected to increase. At the same time it is important to mention that there is an optimum 

value of this flow rate which should be maintained for maximizing the benefits.  

 

Figure 57. Heat recovery efficiency v/s water flow rate graph 

Figure 57 shows the values of the overall efficiency of the system relative to the maximum 

possible effectiveness (as give in equation 1) against the mass flow rate of the secondary fluid 

and figure 58, has the same values on the y-axis but on the x-axis the flow capacity ratio of the 

water flow to air flow is plotted. The water flow varies from 0.1 to 0.9 kg/s and the specific 

heat capacity is assumed to be a constant of 4.2KJ/kg-K while the air flow is also a constant of 

0.17 m3/s, with the specific heat capacity of 1KJ/kg-K. 
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Figure 58. Overall effectiveness v/s flow capacity 

From the results it can be seen that for the current geometric setup, the effectiveness of the 

system increases constantly till the flow rate of the secondary liquid reaches the value of 

0.4kg/s but then the rate of effectiveness increase is gradual considering the increase in flow 

rate which is also a reminder that increasing the mass flow rate does not lead to a similar 

increase in effectiveness and improper design of the system might lead to a increased 

operating cost. 
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6 Conclusion and future work 

There is no denying the fact that the energy demand has been constantly increasing. Buildings 

are major energy consumers and because of the human habits, this sector is poised to increase 

its energy consumption. Indoor areas need to condition the ambient air so as to provide clean 

air in the occupied region. The return air can be used to recover the heat and help in pre-

heating the ambient air. There are four major ways of doing it in the air-air heat recovery 

system, which are fixed plate heat exchangers, thermal wheels, heat pipes and run around coil 

systems. This report focusses on the last one and an attempt was made to simulate a simplified 

and scaled down version of a run around heat recovery system with two heat exchangers, 

liquid loops and a pump using COMSOL® Multiphysics. After carefully studying the system 

requirements and the mesh properties a scaled down version of the system was designed to 

save computational time and cost. The results obtained are encouraging however, many 

improvements can still be made so that this system can behave like an actual run around heat 

recovery system. 

For that, the geometry should be altered such that the fin number and thickness of the heat 

exchanger are close to the real life values, and the liquid loop number should be increased to 

six from the existing three. Along with that, in the heat exchanger, the liquid passes should be 

four instead of the current two. Secondly, a structural analysis of the system can be done so 

as to improve any geometry which currently might be under severe strain. Modelling for a 

three way valve can also be added to make the simulations as close to real working conditions. 

On the material front, a liquid, which is a mixture of water and ethylene glycol, which is 

generally used in the systems should be modelled in the pipes. It was left out here to reduce 

the complications. Along with that, different materials can be tested out for the fins and water 

tubes.  

Having said that, this model could serve as a starting step to study the heat recovery system 

and an effort can be made to improve the efficiency of the system which is currently about 

40-50%. The run around heat recovery system has a major advantage that it does not require 

the supply and return air ducts to be placed next to each other for heat recovery and there is 

no possibility of cross contamination of the air streams. Also, old buildings need to undergo 

renovations, the run around heat recovery system can be incorporated well into an existing 

heat recovery method. Hence there are a lot of applications for the system and improving its 

efficiency would lead to great energy savings. 
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