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Abstract

Numerical study of surface heat transfer enhancement
in an impinging solar receiver

Lifeng Li

During the impinging heat transfer, a jet of working fluid, either gas or liquid, will be
sprayed onto the heat transfer surface. Due to the high turbulence of the fluid, the
heat transfer coefficient between the wall and the fluid will be largely enhanced.
Previously, an impinging type solar receiver with a cylindrical cavity absorber was
designed for solar dish system. 

However, non-uniform temperature distribution in the circumferential direction was
found on absorber surface from the numerical model, which will greatly limit
receiver’s working temperature and finally affect receiver’s efficiency. One of the
possible alternatives to solve the problem is through modifying the roughness of the
target wall surface. This thesis work aims to evaluate the possibility and is focusing on
the study of heat transfer characteristics. The simulation results will be used for
future experimental impinging solar receiver optimization work. Computational Fluid
Dynamics (CFD) is used to model the conjugate heat transfer phenomenon of a
typical air impinging system. The simulation is divided into two parts. The first
simulation was conducted with one rib arranged on the target surface where heat
transfer coefficient is relatively low to demonstrate the effects of rib shape (triangular,
rectangular, and semi-circular) and rib height (2.5mm, 1.5mm, and 0.5mm). The
circular rib with 1.5mm height is proved to be most effective among all to acquire
relatively uniform temperature distribution. In the second part, the amount of ribs is
taken into consideration in order to reach more uniform surface heat flux. The target
wall thickness is also varied to assess its influence.
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Nomenclature 

Abbreviation 

1D One-dimensional 

2D Two-dimentional 

3D Three-dimentional 

CFD Computational Fluid Dynamics 

CSP Concentrating solar power 

DLR German Aerospace Center 

DNI Direct normal irradiation 

EWT Enhanced Wall Treatment 

IPCC Intergovernmental Panel on Climate Change 

PV Photovoltaic 

SST Shear Stress Transport 

VSR Volumetric Solar Receiver 

 

   

Symbol Unit Description 

A m2 Area 

b m Rib width 

d m  Nozzle diameter 

D m target wall diameter 

H m Nozzle-to-target wall distance 

h m Rib height 

eh  J/K Enthalpy 

ht W/(m2·K) Convective heat transfer coefficient 

k J Turbulence kinetic energy 

kr W/(m·K) Thermal conductivity 
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L m Length 

N - Number of calculation samples 

n  - number of nozzles 

Nu - Nusselt number 

P Pa Pressure 

q W/m2 Wall heat flux 

Q W  Heat power 

q  W/m2 Average wall heat flux 

r  m Rib radius 

Re - Reynolds number 

T K Temperature 

t m Target wall thickness 

U W/(m2·K) Heat transfer coefficient 

v m/s Velocity 

y+ - Dimensionless first layer thickness 

θ ゜ Angle 

μ W/m2 Average value of wall heat flux 

σ W/m2 Standard deviation of wall heat flux 
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1. Introduction 

1.1. Background 

The world is experiencing an explosive development, during which the average personal 

energy consumption as well as the world population increase sorely. The drastic growth is 

reflected by the world energy consumption increasing around 2.4 times within 40 years, 

from 196×1018 J in 1973 to 474×1018 J in 2008 [1]. The fact that around 78% of the global 

energy consumption is supplied by fossil fuels leads to the consequences of the depletion of 

fossil fuel and pollution of the environment [2]. 

 

Figure 1. Energy share of various energy sources on the global final energy consumption (Source: 

[2]) 

The fossil fuel depletion is the major cause for the global energy crises. The fossil fuel, 

including coal, crude oil and natural gas, consisting of hydrocarbons and the derivatives is a 

kind of primary energy source generated from the fossil of paleontology. The fossil fuel is the 

main energy source for global energy consumption while it’s unrenewable. With the 

continuous exploitation, the depletion of the fossil fuels seems inevitable. Various studies 

have reached a quite similar conclusion that most of the fossil fuels will be depleted at the 

end of the 21st century. Shahriar Shafiee et al. gave an answer about the fossil fuel reserves 

size by applying a modified Klass model assuming a continuous compound rate [3]. Figure 2 
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shows the depletion curve of the energy obtained from fossil fuel as a function of time, 

assuming that 75% of the fossil fuel extraction amount is burned for energy in the year they 

are extracted. This 75% assumption helps to describe the situation we are faced with [4]. 

However, it’s quite rough because each kind of fossil fuel has a different fraction which is 

burnt for energy and of course the fraction varies with time.  

 

Figure 2. The depletion curve of the energy obtained from fossil fuel annually as a function of 

time (Source: [4]) 

The environment pollutions caused by the utilization of fossil fuels are continuously 

threatening the sustainability of the future life of human kind. Johan Rockström et al. 

proposed a new approach to global sustainability in which they defined planetary boundaries 

within which humanity can operate safely [5]. In the research, they identified nine planetary 

boundaries and drawing upon current scientific understanding, seven of them were 

quantified (See Figure 3). It has been estimated that humanity has already transgressed 

three planetary boundaries: for climate change, rate of biodiversity and changes to the 

global nitrogen cycle. All of these three environmental problems have inner relation with the 

utilization of fossil fuels. 
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Figure 3. Schematic diagram of planetary boundaries (Source: [5]) 

The climate change is caused by the emission of greenhouse gas, mainly the CO2, which is 

emitted into the atmosphere due to the fossil fuel utilization. Against the doubt that the 

global warming might be a wrong impression, the globally averaged combined land and 

ocean surface temperature has increased 0.85˚C over the period 1880 to 2012, according to 

the latest report from the Intergovernmental Panel on Climate Change (IPCC) (See Figure 4) 

[6]. Since the industrial revolution, the CO2 concentration in atmosphere experienced a 40% 

increase from 280ppm to 390ppm [7] [8]. The excessive CO2 in the atmosphere will absorb 

the long wave radiation emitted by the earth and result in the global temperature increase, 

known as the greenhouse effect.  
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Figure 4. Observed globally averaged combined land ocean surface temperature anomaly 

1850-2012 (Source: [6]) 

The change in the global nitrogen cycle is also relative to the fossil fuel utilization. The 

nitrogen cycle is a fundamental material cycle in the biosphere, describing the 

transformation process between nitrogen and nitrogen compounds. Being a basic chemical 

element composing the protein, the nitrogen element is of crucial importance to all 

organisms. However, the balance has been broken since the fossil fuel was massively applied 

as an energy source. The fossil fuel combustion generates NO and NO2, which is the cause of 

multiple environmental problems such as photochemical pollution and acid rain. The 

nitrogen of inorganic compound in the environment will be transformed into proteins 

through biological nitrogen fixation. In this way the balance of nitrogen cycle is interfered by 

fossil energy use. 
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The crisis of biodiversity loss is indirectly linked to the combustion of fossil fuel. The climate 

change and imbalance of nitrogen cycle resulted from the general utilization of fossil fuel 

become a continuous hazard for the organisms in the biosphere. 

In order to build a promising sustainable future and prevent the environment pollution, the 

utilization of fossil fuel should be reduced and sustainable energy sources needs 

exploitation. 

1.2. Concentrated solar power 

Solar power is a process converting the energy of solar irradiation into electricity. A direct 

conversion is known as photovoltaics (PV), while in the indirect conversion of solar thermal 

power solar energy is turned into thermal energy before the electricity is generated. 

A mature and widely applied solar thermal power technology is the concentrated solar 

power (CSP). The CSP systems are power generation systems that, by applying reflectors or 

lenses, concentrate a large area of solar irradiation onto a small area, and heats up the 

working fluid for power generation. The CSP technology is capable to contribute to the 

future sustainable energy scenario by possessing a global potential of 3,000,000 terawatts 

hours per year according to the research of German Aerospace Center (DLR) in 2008 [9]. The 

direct normal irradiation (DNI) distribution is not universal around the world. The 

Mediterranean region, North Africa, Arabian Peninsula and Australia have richer resources of 

solar irradiation compared to other parts of the earth. The solar resource data has been 

uploaded to a geographic information system and processed together with spatial data on 

land use, topography, hydrology, geomorphology, infrastructure, protected area etc. 

excluding sites that are not technically feasible for the construction of concentrating solar 

power plants. The result yields a global map of DNI for the land areas that are potentially 

usable for the placement of CSP plants as shown in Figure 5. The CSP technology is estimated 

to be profitable because a decrease in the cost by means of further technology 

improvements in solar receiver system was predicted [10]. 
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Figure 5. Global direct normal irradiation for the land areas that are potentially usable for the 

placement of CSP plants (Source: [9]) 

The CSP technology has several advantages over other competing technologies. Compared 

with photovoltaic technology, the CSP is more stable. Even if it is at night or there is no direct 

solar irradiation during day time, fossil fuel or biofuel can be applied as an energy 

substitution. The thermal energy storage technology enables the CSP power plants to 

operate around the clock, compensating the inherent fluctuations and stabilize the electricity 

grid. Another merit is that CSP can be easily integrated with the existing thermal power plant 

technology. The basic principle of CSP is to transform solar energy into thermal energy, then 

generate electricity via the Rankine Cycle, Brayton Cycle or Stirling Cycle. Considering the 

maturity of the industry chain of the construction of a thermal power plant, it is possible to 

massively construct a large amount of CSP power plants in a restricted period of time in the 

future. 

1.3. Impinging solar receiver design 

The solar receiver, where the solar radiation is absorbed and converted to thermal energy, is 

the key components in a CSP plant. The performance of the receiver is determinative to the 



 

17 

 

overall efficiency of the system. The structure of the solar receiver varies with the reflector 

style, for instance trough, dish and tower style. The main difference between these three 

types of receiver lies in the reflector configuration. The reflector of the trough type solar 

receiver is usually a parabolic reflective mirror, while that for dish system is a mirror in dish 

type. In the tower system, reflectors are small mirrors located on the ground and the 

absorber is constructed on top of the tower to collect the reflected irradiation. The solar 

tower has the largest concentration ratio and has the highest efficiency among these three 

different designs. However, most of the solar receiver operates under the same principle, 

which is absorbing the energy and conduct efficiently to the working fluid on the other side 

of the wall. The solar receiver will suffer from high temperature, drastic temperature change 

and great thermal stress through its whole lifespan. Considering this brutal operating 

condition, the ideal solar receiver should have high solar irradiation absorption, low thermal 

losses and a tough durable mechanical structure. 

 

Figure 6. Solar receiver for dish system (Source: [11]) 
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Figure 7. Solar receiver for trough system (Source: [12]) 

 

Figure 8. Solar receiver for tower system (Source: [13]) 

The impingement technology is combined with the solar receiver design because after 

passing through the orifice the fluid is sprayed onto the heat exchange surface which is 
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capable to absorb and transfer a larger amount of thermal energy near the stagnation region 

which is directly under the nozzle. It has relatively high efficiency compared to the forced 

convection process under the same condition. Mass transfer also accompanies heat transfer 

in this process. Typical impinging system usually consists of arrays of round or slot nozzles, 

through which air or another gaseous medium impinges vertically upon a large surface 

for heating or cooling. Such impinging system could provide much higher heat transfer 

rate due to shorter flow path to the surface. Impinging technology is widely applied in the 

field of cooling of stock material during material forming process, heat treatment, cooling of 

electronic components, heating of optical surfaces for defogging, cooling of turbine 

components, cooling of critical machinery structures and many other industrial processes 

[14]. 

Volumetric solar receiver is an important group of point focusing receiver. Figure 9 shows the 

structure as well as the working principle of a typical volumetric solar receiver. Concentrated 

solar radiation will pass through the receiver window before being absorbed. Working fluid 

will be conducted into the chamber and the thermal energy will be transferred to the fluid 

while it flows through the absorber. After that the thermal energy carried by the working 

fluid will be turned into electricity in a heat engine. Secondary concentrator and insulation 

layer are applied to ensure a higher efficiency by improving the concentration ratio and 

reduce heat loss respectively. However, the quartz glass windows are problematic 

components in this design. The window should be thin to minimize the optical losses, while a 

thinner window increases the vulnerability of the receiver under the high temperature and 

pressure at operation condition.  
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Figure 9. Scheme diagram for Volumetric Concentrating Solar Receiver (VSR) (Source: [14]) 

Cavity receiver is a kind of indirect-irradiation receiver which is usually designed as opaque 

heat exchanger. The concentrated solar irradiation is absorbed by its cavity shaped absorber 

and the thermal energy is transferred to the working fluid by conduction through the 

absorber wall. The cavity receiver is operated with the absence of the quartz glass window. 

Based on the cavity solar receiver design and the characteristic of impinging heat transfer 

technology, a new concept of impinging solar receiver was brought up [15]. In this design 

shown in Figure 10, the receiver is generally divided into three parts, the radiation chamber, 

the heat transfer chamber and the air filled chamber. Air was selected as the working fluid, 

conducted from the out chamber into the heat transfer chamber through the orifices on the 

wall separating the two chambers. A typical impinging jet is formed at the downstream of 

the orifice. By increasing the turbulence intensity, the heat transfer coefficient is thus 

enhanced, especially near the stagnation region and the fountain region. In the fountain 

region, the fluid from two adjacent jet flows collides with each other and forms a flow going 

away from the wall. Due the higher intensity of the fluid, the heat transfer coefficient is 

usually higher than in other places. Solar irradiation concentrated on the inner wall of the 

receiver will be absorbed by the solid wall. Sequentially the thermal energy will be taken 

away by the air in the middle chamber via convective heat transfer. Orifices of the receiver 

are arranged in a row circumferential with equal spacing. This design is the basic design we 

tried to optimize by applying ribs. 
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(a) 

 

(b) 

Figure 10. 3D model (a) and geometry (b) of the impinging receiver concept (Source: [15]) 

1.4. Objectives 

Impinging technology for heat and cooling purpose has attracted engineers’ and designers’ 

attention for many years. To better understand the impinging jets, a typical schematic 

diagram of impinging jets flow regions is given in Figure 11 as below. 

Air filled chamber 

Heat transfer chamber 

Radiation chamber 

Outlet 

Cylindrical target wall 

Nozzle 
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Figure 11. Typical components and flow regions of impinging jets (Source: [16]) 

The system is consisted of round jet arrays or slot nozzles, and target surface which need to 

be cooled or heated. Cooling gas (usually it is air) impinges through the nozzles and upon the 

target surface with relatively high speed. Heat exchange takes place between solid target 

surface and flowing fluid. It is shown in Figure 11 that stagnant air will be formed near the 

target wall surface under the nozzle due to the relatively high pressure, therefore, the region 

is called stagnation region (already used in Section 1.3). In the middle between each two 

nozzles fountain (already used in Section 1.3) will appear as a result of flow collision. 

Relatively high heat transfer rate takes place in the region near the stagnant point and under 

the fountain [17].  

As illustrated in section 1.3, in the impinging solar receiver, an array of narrow slot jets is 

arranged to cool down the cylindrical target wall which is heated by solar radiation. N. 

Zuckerman [18] conducted a numerical simulation of conjugate heat transfer to investigate 
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the temperature distribution inside the target wall in a device with four radial slot jets. The 

model geometry is shown in Figure 12. The resulting fluid flow field is shown in Figure 13 for 

half of the domain. The heat transfer intensity is compared typically using the Nusselt 

number (Nu). The Nusselt number for jet impinging is typically defined as 

 rt kdhN /u   ( 1-1) 

Where d is the characteristic length, in current case, d is the nozzle diameter ([m]), rk is the 

thermal conductivity of the fluid (W/(m·K)), and ht is the convective heat transfer coefficient 

([W/(m2·K)]) defined as  

 

jetwall

r

TT

n

T
k

0

th










 ( 1-2) 

The term 
n

T





represents the temperature gradient in the direction perpendicular to the 

wall. Twall represents the temperature of the target wall. T0jet represents the temperature of 

the fluid in the jet entrance.  

Nu distribution profile is plotted as well in Figure 13. It can be noticed that Nu is extremely 

high in the stagnation region beneath the slot jet. Besides, high Nu is observed under the 

fountain. However, in the region between stagnation and fountain, the heat transfer rate is 

much lower. Thus, heating or cooling rate at the surface is not uniform, which leads to a 

two-dimensional non-uniform temperature distribution in the annular solid target wall (as 

shown in Figure 14).  
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Figure 12. Cross section of an impinging system with four round nozzles and cylindrical target 

(Source: [18]) 

 

Figure 13. Fluid flow field - velocity distributions (in color) and Nu polar plot (Source: [18]) 

Stagnation region 
fountain 
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Figure 14. Typical temperature contours within solid target wall in Kelvin (Source: [18]) 

Non-uniformity of temperature distribution could cause great problem to the solar receiver 

system. It limits the highest temperature value of the solar receiver system due to material 

properties. The thermal stress within the solid wall may destroy the material. As a 

consequence, receiver’s working temperature is greatly limited and finally receiver’s 

efficiency is limited. 

Through literature review, it was found that increasing target wall roughness is a method 

widely used to enhance heat transfer. More importantly, the Nusselt number in the region 

adjacent to stagnation region is largely increased. Y.S. Chung [19] has experimentally 

investigated heat transfer enhancement by the fully developed round jet impinging upon the 

rib-roughened convex surface using liquid crystal/transient technique. The principle is 

utilizing a temperature difference between surface and ambient fluid and an elapsed time 

for this difference to occur, to calculate the local heat transfer coefficient. r - streamwise 

distance from the stagnation point (m) 

Figure 15 shows the comparison of Nusselt number on the convex surface without rib and 

with rib. Near the stagnation point, for both smooth and rib-roughened surfaces, the 

Nusselt number distributions are similar. However, after the first rib position, the Nusselt 
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numbers on the rib-roughened surface are higher than those on the smooth surface due 

to an increase of turbulent intensity and active mixing of the flow caused by the flow 

separation. Y. S. Chung has concluded that with rib type B (which has a rib height of 2mm, 

and rib pitch of 22mm), the average Nusselt number on the rib-roughened surface 

increases around 27% compared with that on the smooth surface. This improvement is 

attributed to an increase of turbulent intensity caused by the rib [19]. Besides that, Y. 

Xing et al. [20] also found that the highest heat transfer enhancement could be 9.6% 

caused by the micro-ribs.  

 

 d - pipe nozzle diameter (m)      p - pitch of the rib (mm) 

    h - height of the rib (mm)        H- nozzle-to-surface distance (m) 

r - streamwise distance from the stagnation point (m) 

Figure 15. Comparison between the Nusselt number on the convex surface without rib and with 

rib (Source: [19]) 

This study aims to numerically investigate the effectiveness of modifying target wall surface 

roughness for improving target wall temperature distribution uniformity. Different shapes of 

ribs with different heights are designed on the target wall in the middle of stagnation region 

and fountain. The result will be used for the future impinging receiver optimization work. 

Numerical tool (ANSYS Fluent V14.0) is used to model the conjugate heat transfer 
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phenomenon of a typical air impinging system. 

1.5. Methodology 

1.5.1. Energy modeling 

ANSYS FLUENT allows calculation of heat transfer within the fluid and/or solid regions in the 

model. Thus, problems ranging from thermal mixing within a fluid to conduction in 

composite solids can be handled by ANSYS FLUENT.  

The energy equations solved in the ANSYS FLUENT is in the following form [21]:  

 h
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effjjeff SvJhTkpEvE 
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  ( 1-3) 

Where  stands for density, p represents pressure, v


 represents velocity, 
effk is the 

effective conductivity (calculated as 
tkk r
, rk  is the real thermal conductivity of the 

transport medium, 
tk  is the turbulent thermal conductivity, defined according to the 

turbulent model being used). The first three items on the right side represents transferred 

energy as a result of conduction, species diffusion, and viscous dissipation, respectively. jJ


 

is the species j  diffusion flux. 
hS  includes the heat of chemical reaction, and any other 

volumetric heat sources that have been defined. 

In equation ( 1-3), 
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Here, enthalpy eh  is defined as following for ideal gases: 
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And for incompressible flows,  
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 ( 1-6) 

jY  is the mass fraction of species j, and 
jh  is defined as: 

 

T

T

jpj

ref

dTch ,
 ( 1-7) 

refT  is 298.15K which is the ambient temperature. 
jp,c is the specific heat capacity of 

species j.  

1.5.2. Turbulent modeling 

i. Introduction for all turbulence models 

There are many turbulence models available in ANSYS FLUENT, including Standard and 

Realizable k-ε model, standard and SST k-omega model, transition SST model, the V2F 

model, low Reynolds number k-ε model and so on.  

Whether one uses wall functions or not is a significant distinction among all the models. Wall 

functions ignore the flow field in the buffer region which is between the laminar viscous 

layer most near to the wall surface and the fully turbulent region far from the wall. Therefore, 

wall functions analytically solve the flow in the viscous layer and the resultant models will 

have significant lower computational requirement. 

In general, firstly, the k-ε model solves for two variables: k: the turbulent kinetic energy, and 

𝛆: the rate of dissipation of kinetic energy. It uses wall functions, however, it does not 

compute flow fields precisely. The k-ε model has good convergence and requires relatively 
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low memory. The low Reynolds number k-ε is similar to the k-εmodel but does not use wall 

functions. It is an improved version of k-ε but requires more memory. Secondly, the k-ω 

model is similar to k-ε, instead, it solves for ω – the specific rate of dissipation of kinetic 

energy.  

Each model has different transport equations and uses different wall functions. The 

differences make them have their own features. The detailed equations for each model can 

be found in ANSYS FLUENT guide [21]. In this report, the following model is simply 

summarized, and transition SST model which is the model used in this study will be 

illustrated specifically.   

1) Realizable k-ε with enhanced wall functions (Realizable k-ε equations from Shih et al. 

[22], enhanced wall functions based on White and Cristoph [23], Huang et al. [24]) [17]; 

2) Reynolds stress model (RSM) with wall reflection effect and standard wall functions; 

3) V2F (Fluent add-on by Cascade Technologies, by Durbin [25]) [17]; 

4) Standard k-ε model is based on Launder and Spalding [26]. 

ii.  Transition SST model 

The SST (Shear stress transport) model combines the k-epsilon model in the free stream and 

the k-omega model near the wall. Wall functions are not used in this model. The transition 

SST model includes a series of refinement to increase its accuracy and application range. The 

governing transport equation is defined as [21]: 
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In these equations, k

~
G  represents the generation of turbulence kinetic energy due to 

mean velocity gradients. G  represents the generation of ω. 
k  and   represent the 

effective diffusivity of k  and ω, respectively. 
kY  and Y  represent the dissipation of k  

and ω due to turbulence. D  represents the cross-diffusion term. 
kS  and S  are the 

user-defined source terms. 

Besides, two other transport equations are combined in the transition SST model, one for 

intermittency  and another for the transition onset criteria to account for accurate 

prediction in the transition area between laminar and turbulent flows. They can be found in 

ANSYS FLUENT theory guide [21]. Due to the accuracy and acceptable calculation time, 

transition SST model is selected for this simulation. 
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2. Literature review 

2.1. Impinging technology 

2.1.1. Jet Impinging system 

Figure 16 presents the produced heat transfer coefficient by different cooling technologies. It 

can be noticed that water boiling and condensation provides the highest heat transfer 

coefficient due to water phase change. The second high heat transfer coefficient is offered by 

jet impinging technology which is hundreds times higher than conventional cooling methods. 

 

Figure 16. Heat transfer coefficient for different cooling technologies (FC: fluorocarbon coolant)  

(Source: [27]) 

The impinging jet has been widely used to enhance heat transfer due to short flow paths 

from the nozzles exit to the surface. Impinging jet efficiently uses limited air and space and 

produces high heat transfer rate. With given maximum flow speed, the heat transfer rate 

provided by impinging jet is up to three times higher than those produced by conventional 

convective cooling technologies. According to K. Jambunathan [28], for single circular jet, at a 

given required heat transfer coefficient, the flow required from an impinging jet device may 

be two orders of magnitude smaller. Jet impinging is applied in industrial fields such as 

electronic products cooling, turbine blades cooling, and the drying of veneer, paper and film 
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materials. Therefore, a multitude of related researches about heat transfer and flow 

characteristics of jet impinging is carried out.  

2.1.2. Previous study about jet impinging technology 

Comprehensive experiments and numerical simulations have been conducted to investigate 

the effects of jet diameter, Reynolds number, jet-to-surface distance, orientation and target 

surface curvature to the flow and heat transfer features. Many reviews have been published. 

Martin [29] presented empirical equations for predicting heat and mass transfer coefficients 

based on experimental data. Recently, M. Behnia [30] has investigated effects of 

confinement to the jet impinging system. He concluded that the confinement doesn’t change 

the local stagnation heat transfer coefficient. However, for very low nozzle-to-plate distances 

(H/d < 0.25), the effect of confinement is significant. In this study, H/d is equal to 2, which 

means the effect of confinement can be ignored. Besides, P. Hrycak in 1981 [31] reviewed 

existing researches about jet impinging. The optimized nozzle-to-target wall distance for 

producing maximum Nusselt number for different jets was concluded. It was found that for 

multiple jets, a maximum in the average heat transfer was observed for the nozzle-to-target 

distance of about one nozzle diameter. For a single impinging jet, the maximum usually 

occurs at H/d = 7. For concave surfaces, optimum heat transfer occurs when H/d is 

substantially less than seven. Besides that, Goldstein and Seol [32] compared circular jets 

with slot-shaped jets, and illustrated that for a given mass flow rate of the coolant circular 

jets offer a higher heat transfer coefficient. 

Due to the difficulties in performing and comparing experiments, a numerical simulation 

would be a good choice for studying the effects of interest parameters. However, the 

turbulent impinging jets have complicated features as a result of entrainment stagnation and 

high streamline curvature, which is incompatible with most existing turbulence models that 

are mainly developed for flows parallel to a wall. A variety of studies have been conducted 

for choosing an appropriate model for different impinging system. For example, Joy and 

Venkatesh [33] analyzed the axisymmetric turbulent impinging air jet at Reynolds number of 
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23,000 by using different grids and turbulent models. Reynolds number is a dimensionless 

quantity that is used to help predict similar flow patterns in different fluid flow situations 

(already used in Section 1.5.2). It is defined as 

 𝑅𝑒 =
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
=

𝑣 ∙ 𝜌 ∙ 𝑑

𝜇
 ( 2-1) 

where 𝑣 is the mean velocity of the object relative to the fluid (m/s), d is a characteristic 

linear dimension (m) (travelled length of the fluid, in current system it is the nozzle diameter), 

𝜌 is the fluid density (kg/m3 ), and 𝜇 is the dynamic viscosity of the fluid (kg/(m∙s)).  

N. Zuckerman [17] evaluated different numerical models for simulating the heat transfer on 

cylindrical target under an array of radial impinging slot jets. The simulation result is 

compared with results from experimental test (shown in Figure 17). It was found that v2f 

model turned out to be the most accurate and it has highest calculation speed. However, v2f 

is not available in the lab, and further validation of turbulence model will be introduced in 

later section.  

  

Figure 17. Impinging jet Nusselt number profiles for various turbulence models and experimental 

test results for the round jet impinging on a flat target (Source: [17]) 

r/d 
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2.2. Rib application in heat transfer enhancement 

In order to increase the overall average heat transfer on the impinging target surface 

including the region far away from the stagnation point, rib-roughened surface is applied for 

both flat and curved target wall. Multiple researchers including Hrycak [34], Cha et al. [35] 

and Miyake et al. [36] have investigated the optimal parameters (i.e. rib shape, pitch, height, 

etc.) of the rib for producing maximum heat transfer.  

 

(a)                                       (b) 

Figure 18. Spanwise averaged Nusselt number ratios on the (a) flat and (b) roughed plate with 

minimum crossflow (Re=35,000) (Source: [20]) 

Y. Xing [20] did a combined experimental and numerical investigation to examine the effect 

of micro-rib roughened plate with different crossflow schemes. They found that heat transfer 

performance on the micro-rib roughened plate is best from the minimum crossflow case 

(shown in Figure 18) and with increase of Reynolds numbers, the heat transfer enhancement 

ratio will increase. Hansen and Webb [37] compared heat transfer features of surfaces 

equipped with six different kinds of fin geometry. Jet Reynolds numbers are in the range of 

4,700 to 24,000. It was found that the enhancement magnitude strongly depends on the fin 

type. Annerfeldt et al. [38] investigated rib shape influence as well. Four geometries: triangle, 

wing, cylinder, and dashed rib are compared. Area averaged Nusselt number enhancement 
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ratio to flat plate varies from 1 to 1.3 and the ratio decreases with increased H/d and 

Reynolds number. Trabold and Obot [39] compared ribbed impinging with smooth impinging, 

and showed that ribs have beneficial effect in region dominated by cross flow. M. Kito 

[40] studied the influence of rib spacing to the heat transfer enhancement. It was 

demonstrated that at Reynolds number Re=50,000 the rib spacing must be more than 6 

times the nozzle width to improve heat transfer because enough space is required to allow 

reattachment of flow behind the first rib. Haiping [41] investigated the influence of the 

relative rib position to the heat transfer enhancement. It was described that placement of 

the ribs aligned with the jet hole resulted in low heat transfer, while when the jet hole was 

located between two ribs the optimal heat transfer can be achieved.  

 

(a) (b) 

Figure 19. Schematic diagram of apparatus for round jet impinging on target wall equipped with 

(a) rectangular rib (Source: [42]); (b) triangular rib (Source: [43]) 

C. Gau and C. Lee experimentally investigated the impinging jet flow structure and heat 

transfer along the rib-roughened walls. Rectangular rib [42] and triangular rib [43] were 

investigated in two separated literatures. Figure 19 and Figure 20 give the experimental 

apparatus and wall jet flow structure for two kinds of ribs cases. It was demonstrated that in 

the region around stagnation point, air bubbles are formed in the enclosing cavities, which 

can reduce the heat transfer and even lower than in the case of the flat plate. Nonetheless, 

as the impinging or the wall jet becomes turbulent, it can readily penetrate into the cavities 
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and significantly enhance the heat transfer. And the reattachment and recirculation of flow is 

greatly beneficial for the heat transfer, especially at the location where the rib stands. 

  

(a)                                    (b) 

Figure 20. Experimental results of wall jet flow structure along the ribbed wall with (a) 

rectangular rib (Source: [42]); (b) triangular rib (Source: [43]) 
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3. Numerical model validation 

A variety of turbulence models are available for numerically simulating the designed 

impinging system, including k-omega model, k-epsilon model, algebraic stress models, 

Reynolds stress model, shear stress transport and v2f model. v2f and shear stress transport 

models were proved to be the most credible models for cases involving jet impinging effect 

by N. Zuckerman [16] in terms of adequate prediction of the Nusselt number distribution 

and velocity field. Previously, H. Xu [44] has accomplished the related model validation work. 

A two-dimensional axisymmetric validation model is set up based on the geometry and 

boundary conditions provided by J. W. Baughn [45], as shown in Figure 21.  

 

Figure 21. Diagram of impinging test section 

Since transition SST model is slightly different from SST model, H. Xu [44] chose five potential 

turbulent models for the impinging jet upon flat plate target to better validate the model. Due to 

the important role of near wall Nusselt number in near wall heat transfer, Nusselt number 
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distributions of the five turbulent models were compared with results from experiment data, 

which is shown in Figure 22. 

To conclude, transition SST model reached the highest precision of the prediction of flow 

velocity field and Nusselt number distribution in all of the flow regions. The second peak of 

Nusselt number distribution is predicted in transition SST model as well as from experiments. 

Therefore, for the case of impinging jet on the cylindrical target surface, transition SST model 

is considered as the most precise model arising from the fact that both the stagnation region 

and the wall jet region are of paramount importance.  

 

 

 

 

 

 

 

 

 

Figure 22. Nusselt number distribution profile for different turbulent models and experimental 

result (Source: [44]) 

 

 

  

Re 

 [45]) 
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4. Model setup 

4.1. Model configuration 

Conjugate heat transfer is investigated in an impinging jet system in which a set of eight 

round jets cooled a cylindrical solid wall. In conjugate heat transfer study, heat conduction 

process inside the solid target wall is calculated. The basic geometry parameters are 

provided by C. Cornaro [46]. Each nozzle has a diameter of 0.0472 meter, which is symbolized 

as d. The length of every nozzle is set as 58 times as the nozzle diameter so that a 

well-developed flow is ensured when flow exits nozzle. The numerical simulation is 

conducted with a Reynolds number of 16800 when jet to wall spacing (H) is 2 times nozzle 

diameter. (See Figure 23) Target wall thickness (t) is another essential parameter that 

influences temperature distribution in the solid wall. It is previously set as 5 millimeter. Its 

influence is assessed as well in this thesis work. The flow is confined in an annular space 

consisted of two cylinders with different diameters, as is implied by impinging solar receiver 

design. In order to avoid returned flow in the exit, the cylinder has a length of 1 meter. 

Detailed values of model geometry parameters are illustrated in Table 1. 

Table 1. Parameters of computational model 

Parameter Symbol Value Unit 

Jet diameter  d 0.0472  m 

Impinging target diameter D 0.26  m 

Jet to target height H 0.0944  m 

Number of jets n 8 - 

Ratio of target diameter to jet diameter D/d 5.5 - 

Ratio of jet height to jet diameter H/d 2 - 

Inlet Reynolds number  Re 16800  - 
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Figure 23. Cross section diagram of model configuration and 3D diagram of 1/16 of the whole 

domain 

4.2. Computational domain and boundary conditions 

In order to reduce the total grid number and shorten calculation time, the computational 

domain is chosen as one sixteenth of the whole flow domain (See Figure 24). Inlet Reynolds 

number is set as 16800. Therefore, in the inlet the air flow has a constant velocity and 

ambient temperature 300K. The boundary condition of outlet is pressure outlet. Target wall 

inner surface is set as constant temperature boundary condition (See Figure 25). In this case, 

heat flux on the surface represents the heat transfer rate. In the future, constant heat flux 

nozzles 
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boundary condition should be calculated as well in order to better simulate the real 

condition which is neither constant temperature nor constant heat flux. 

The overall computational domain is consisted of fluid domain and solid domain. Mesh grid 

is created individually for each domain. Interface boundary condition is set for the outer 

surface of target wall. Hence, conjugate heat transfer is calculated within whole domain. 

 

Figure 24. Streamline of flow field and the boundary wall components 

 

Figure 25. Cross section of computational domain and boundary conditions 
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4.3. Meshing strategy 

Grids were checked carefully before applying the final mesh. Several grid quality metrics 

were applied. The following three parameters are stated in order to describe the metrics. 

1) Skewness is calculated as: 

 skewness = max [
θmax − θe

180 − θe
,
θe − θmin

θe
] ( 4-1) 

where θe is the equiangular face/cell (60 for tetrahedrons and triangles, and 90 for 

quadrangles and hexahedrons). 

The smaller the skewness is, the better is the quality. In this study, skewness is ensured 

to be smaller than 0.2. 

 

Figure 26. Diagram showing position of θmax and θmin 

2) Aspect ratio is the ratio of face length to face height for two-dimensional grid. As shown 

in Figure 27 

 Aspect ratio = δx/δy ( 4-2) 
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Figure 27. Length (δx) and height (δy) of 2D grid  

For three-dimensional grid, aspect ratio is the radius ratio of circumscribed circle to inscribed 

circle (shown in Figure 28). 

Aspect ratio should be kept within a maximum acceptable value (in current study 100) to 

ensure a good quality cell. 

 

Figure 28. Circumscribed and inscribed circle of 3D grid 

3) y+ is another very significant parameter to measure the mesh quality. It is the 

dimensionless wall distance of the first grid node which is nearest to the wall surface.  

 /y 1yv   ( 4-3) 

Where v  is the shear velocity (m/s), y1 is the absolute distance of the first grid cell to the 

wall (m) (the first grid cell is the grid cell closest to the target wall surface), and   stands 

for the kinematic viscosity of the fluid (m2/s). 
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When y+ is smaller 5, the first grid cell is located in the laminar flow bottom; When y+ is in 

the range of 5 < y+ < 30, the first grid cell is in the region between laminar and turbulent flow; 

When y+ is larger than 30, the first grid cell is entirely in the turbulent region. 

What needs to be pointed out is that in this study, for each grid, the near wall y+ is 

guaranteed to be smaller than 1.  

In the results, three different density grids are generated to analyze the grid independency, 

which will be illustrated in later section. 

Ansys FLUENT ICEM is utilized to mesh the computational domain since transition SST model 

require high quality mesh grid and the meshing concept of ICEM provides adequate high 

quality grid. Meshing strategy is shown in Figure 30. All of the grids are composed of 

hexahedral elements. Denser grids are created in the near wall region, especially near the 

target wall surface including the rib surface, hence providing a smaller first layer thickness to 

ensure the accuracy of transition SST model. In addition, grids in the high shear stress 

gradient region are rather fine as well. The size transition of neighboring cells is set as 

smaller than 1.2 which is helpful for reaching convergence state faster. In the meantime, it 

reduces the total grid number within 2 million to lower the calculation time.  

 

Figure 29. 3D view of mesh in the whole computational domain 

A 
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Figure 30. Left-view of the mesh  

4.4. CFD software solver strategy 

The simulation is 3D steady state problem. Pressure-based, double-precision solver is applied. 

SIMPLEC scheme is used for pressure-velocity coupling. Second-order method is adopted for 

pressure term. Second-Order Upwind is used for convective terms.  

To verify the stabilization of local velocity and temperature, four points in the fluid domain 

where velocity and temperature varies fastest are created. For the case that heat transfer 

process weighs a lot, the monitoring point should be chosen within the boundary layers. 

Therefore, four surface monitors for monitoring state of four monitoring points were created 

consequently. The results are accepted as converged until both the residual (smaller than 

10-4) and surface monitors are stabilized.  

A 
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ANSYS workbench 14.0 and FLUENT 14.0 are used for the numerical simulation. Besides, the 

workstation in the Heat and Power Technology Division of the Energy Department in KTH is 

employed for the calculation as well. It is equipped with 16 Intel Xeon microprocessors and 

23.5GB RAM.   
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5. Results and Analysis 

5.1. Grid independence study 

Grid independence is a very important issue in numerical simulation. Calculation results 

should not change a lot along with denser or looser grid. In another words, solution should 

be invariant with the size of grid. As indicated by ANSYS theory guide, for transition SST 

model, it is better to have y+ on the target surface smaller than 1.  

Table 2. Temperature at monitoring point for cases with 3 different grid densities 

Grid 

density 

Total 

elements 

number 

Boundary first layer 

thickness [m]  

Rib surface  

y+ 

Temperature at monitoring 

point (0, 0.1303, 0.0236)  

Coarse 1,056,379 7.5e-04 3.0 304.375 

Medium 1,583,013 4.5e-04 1.5 304.362 

Fine 2,452,076 2.5e-04 0.9 304.292 

 

Figure 31. Temperature at monitoring point with change of different grid density  

Table 2 presents three grids with different y+ levels, grid density, and boundary first layer 

thickness. Temperature at one of the monitoring points is compared for each case. Results 

reveal that the temperature value at monitoring point is stabilized for these three grids, as 
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displayed in Figure 31.  

It is found that when the grid number is in the range from 1 million to 2.5 million, the 

simulation result is stabilized. In this study, medium grid density is chosen for good result 

accuracy and short calculation time.  

5.2. Influence of rib shape 

5.2.1. Rib geometry design 

In order to promote the turbulence intensity and change the fluid flow in the field near 

target wall surface, an axial rib is created in the middle of stagnation and fountain region on 

the target wall surface. In total there are 16 ribs arranged. Figure 32 exhibits the position of 

the rib. 

 

Figure 32. Rib position on the target wall surface 

In this thesis work, three different kinds of shape (triangular, rectangular, and semi-circular) 
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were investigated. After several simulation trials, every shape rib is designed with three 

different heights (0.5mm, 1.5mm, and 2.5mm). For triangular and rectangular rib, the rib 

height (h) is designed as equal to its width (b) so that it can be characterized with a 

characteristic length. For the semi-circular rib, its height is set the same as the radius (r). The 

configuration can be seen in Figure 33.  

 

Figure 33. Geometry shape (triangular, rectangular and semi-circular) and size (0.5mm, 1.5mm 

and 2.5mm) of designed ribs 

5.2.2. Wall heat flux on inner surface of target wall 

As elucidated in section 4.2, when boundary condition of target wall is set as constant 

temperature, wall heat flux through the surface implies the heat transfer intensity. Contour 

of wall heat flux on the inner surface of target wall for three cases with same rib height 

1.5mm is shown in Figure 34. The part of the surface shown on Figure 34 (a) is the part right 

under the nozzle which we are interested in. For further improving heat transfer in axial 

direction, more strategies such as more arrays of nozzles or ribs in radial direction could be 

applied.  

From Figure 34, it can be observed that when the target wall is smooth, the stagnation and 

fountain region reflect higher heat transfer rate which accords with conclusions from plenty 

of previous researches. However, there appears bad heat transfer region between stagnation 
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and fountain, which is the problem we aim to solve out. On the other three graphs, the 

original weaker heat transfer region is replaced by higher wall heat flux values. The contour 

graph reveals more uniform heat transfer distribution for rib-roughened surface cases.  

 

(a) 

 

(b) 

Figure 34. (a) Position of the computational surface; (b) Wall heat flux contour on target wall 

inner surface for cases with different rib shapes 

In order to understand the result more easily, a curve (z = 0.005m) along with the cylindrical 

surface is introduced. And the wall heat flux value on this line is plotted on Figure 35. The 

phenomenon we can find from the figure is as follow: i) What can be easily found is that the 
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former curve valley has been lifted up when 1.5mm rib has been employed; ii) For cases with 

1.5mm triangular (green curve in Figure 35) and rectangular rib (blue curve in Figure 35), 

heat transfer in fountain region has been enhanced as well; iii) Instead, heat transfer in 

fountain region was weakened slighted for semi-circular 1.5mm rib case (red curve in Figure 

35), which improves the heat transfer distribution uniformity; 

 

(a)

 

(b) 

Figure 35. (a) Position of the curve (z=0.005m); (b) Wall heat flux at the curve for three different 

shape rib with the same height 1.5mm (1. Semi-circular: red color; 2. Rectangular: blue color; 3. 

Triangular: green color), and case without rib (purple color) 

iv) For all three cases, the rib-roughened surface exhibits lower heat transfer rate in the 

stagnation region. The presence of rib reduces the velocity of the flow before reaching the 
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rib; v) Besides that, in the fountain region of triangular rib case, a maximum heat transfer 

rate is observed among all. The overall average heat transfer rate can be imagined to be 

increased. The detailed data result will be explained in later section. 

It is obvious that the results will change with different z values. However, the overall trend of 

the wall heat flux curve is almost the same for the surface from z = 0m to z = 0.05m which is 

the region we focused on. Therefore, Figure 35 is used to represent the results of the whole 

region we conducted research on.  

5.2.3. Velocity on outer surface of target wall 

When the air flow on the target surface is required to be analyzed, the flow velocity vector 

can be a good choice (See Figure 36).  

 

 

Figure 36. Velocity vector of fluid flow on target wall outer surface for cases with three different 

rib shapes (semi-circular, rectangular, triangular), and case without rib 
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Figure 37. Detailed view of velocity vector around rib 

From the velocity distribution, it is noticed that the velocity around the rib is extraordinarily 

different. The air flows very fast along the rib towards downstream direction. On the contrary, 

the air is almost stagnant in the two corners before and behind the rib. This phenomenon 

can be more easily seen from Figure 37. Therefore, convective heat transfer coefficient curve 

on this surface has a big fluctuation.   

5.3. Influence of rib height 

5.3.1. Wall heat flux on inner surface of target wall 

In order to find out the optimal height of designed rib, simulation of semi-circular rib with 

three rib heights (0.5mm, 1.5mm and 2.5mm) were conducted. Wall heat flux distribution on 

target wall inner surface is presented in Figure 38. The wall heat flux contour indicates the 

following phenomenon. i) When comparing case without rib and case with 0.5mm 

semi-circular rib, we found that the result is rather similar. There is almost no difference of 

wall heat flux on the target wall. ii) Equipping target wall with 2.5mm semi-circular rib 

strongly influences the heat transfer situation. Fountain region has a stronger heat transfer 

rate. The former bad heat transfer region is gone and is replaced by an equal heat transfer 

level as stagnation. iii) For 1.5mm semi-circular case, as stated before, the overall heat 

transfer exhibits a high uniformity through the whole region near nozzle. However, previous 

strong heat transfer at fountain disappeared as well. It can be predicted that the overall 



 

54 

 

average heat transfer rate for 1.5mm case should be lower, while the uniformity is better. 

 

 

 Figure 38. Wall heat flux contour on target wall inner surface for three semi-circular rib cases 

with different rib heights (0.5mm, 1.5mm, 2.5mm), and case without rib 

The curve (z = 0.005m) is created again on the inner surface for bettering understanding the 

result. The wall heat flux distribution on created curve is shown in Figure 39. As illustrated 

before, 0.5mm semi-circular rib (red curve in Figure 39) hardly influences the heat transfer 

situation. The previous weak heat exchange valley still exists. Instead, 1.5mm semi-circular 

rib (blue curve in Figure 39) does improve the situation a lot. The blue curve shows weaker 

fluctuation than the others. What’s more, the best heat transfer is created by 2.5mm 

semi-circular rib, which is the green curve in Figure 39. But the heat transfer uniformity is not 

very good as a result of the extreme high value of wall heat flux at fountain region. 
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Figure 39. Wall heat flux at curve (z=0.005m) for semi-circular rib cases (0.5mm: red color; 

1.5mm: blue color; 2.5mm: green color), and case without rib (purple color) 

5.3.2. Velocity on outer surface of target wall 

Velocity profile is given in Figure 40 to observe the fluid flow inside the annulus cavity. We 

notice that there is the existence of vortex near the fountain. For smooth surface case, the 

vortex is mainly formed in small area near fountain. Moreover, when rib is designed, the size 

of vortex increases as rib height increases from 0.5mm to 2.5mm. The presence of vortex 

promotes the turbulent intensity. The fluid flow reattaches to the target wall surface and 

recirculation is formed in the region behind the rib. The reattachment and recirculation of 

fluid flow is the main factor which contributes to the increase of wall heat flux when rib 

height increases.  
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Figure 40. Velocity vector of fluid flow on target wall outer surface for semi-circular cases 

with three different rib heights (0.5mm, 1.5mm, 2.5mm) 

5.4. Influence of rib number 

For further improvement, the rib number is modified except from rib shape and rib height. In 

this study, target surface equipped with one, two and three ribs is simulated individually. The 

rib position on target surface is shown in Figure 41. The first rib nearest to nozzle is located in 

the middle of stagnation and fountain. The rest of ribs are evenly distributed between the 

first rib and fountain. Rib is arranged in the region with worse heat transfer. The wall heat 

flux contour on inner surface of target wall is given in Figure 42.  

 

vortex 
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(a)                                  (b) 

Figure 41. Diagram of (a) two and (b) three ribs designed on target wall 

 

Figure 42. Wall heat flux distribution on target wall inner surface for 3 different rib number cases 

(1 rib, 2 ribs, 3 ribs) 

The other variables of the rib configuration are fixed except the rib number. They are 

semi-circular ribs with 1.5mm height. The wall heat flux contour offers a first impression that 

increasing the rib number from 1 to 2 has strengthened the heat transfer at the fountain 
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region and near fountain region. Nevertheless, there is no big improvement when rib 

number is increased from 2 to 3. 

 

Figure 43. Wall heat flux at curve (z=0.005m) for 3 different rib number cases (1 rib: red color; 2 

ribs: blue color; 3 ribs: green color) 

Wall heat flux at curve (z=0.005m) is plotted in Figure 43. From this graph, it is concluded 

that all of these three cases with semi-circular 1.5mm rib benefit the heat transfer 

enhancement and temperature uniformity improvement. The region where ribs are attached 

(around fountain) has better capability to transfer heat than that without ribs (stagnation). 

The increase of rib number can increase the average heat transfer intensity in the region 

around fountain. For 1 rib and 3 ribs cases, the position of second wall heat flux peak is 

located at around x=0.032m. However, the second peak is shifted to x=0.036m for 2 ribs case. 

This is due to the dramatic difference of rib number and rib position. Heat transfer in the 
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region near stagnation point does not show big disparity. At the fountain, 2 ribs lead to the 

best heat transfer followed by 3 ribs case and then 1 rib case.  

5.5. Influence of target wall thickness 

Conjugate heat transfer is simulated in this study. In another words, the heat conduction 

process inside the target wall is calculated in the simulation. Conjugate heat transfer can 

better simulate the real heat transfer situation. As we already know, heat conduction is a 

process which largely depends on the material properties especially the heat conductivity 

([ )/( 2 KmW  ], symbolized as k).  

 Tk  q  ( 5-1) 

 AQ  q  ( 5-2) 

The target wall material is fixed. Therefore, the heat conductivity does not change. The 

overall heat flux is correlated to the heat exchange area (A). The heat flux q is the heat flux 

through the wall horizontally. Therefore, the heat exchange area (A) is proportional to the 

wall thickness (t). In order to assess the influence of target wall thickness to the solution, 

simulation of cases with different target wall thickness was carried out. Three thicknesses 

(2.5mm, 5mm and 7.5mm) were studied. The simulations in the earlier parts of this report 

were conducted with 5mm thickness target wall.   

Figure 44 shows the wall heat flux distribution on the curve (z=0.005m) for cases with three 

different target wall thickness. 1.5mm semi-circular rib is used for these three cases. From 

the presented result, we found that with the increase of target wall thickness, the wall heat 

flux curve exhibits more and more stable distribution. The peak and valley gradually 

disappeared when target wall thickness is increased from 2.5mm to 7.5mm. For case with 

2.5mm target wall (blue curve in Figure 44), it is easily found that in the region from x=0.02m 

to x=0.05m, the heat transfer rate varies significantly. There are three peaks and three valleys 

in total.  
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Figure 44. Wall heat flux at curve (z=0.005m) for three different target wall thickness cases 

(2.5mm: blue color; 5mm: red color; 7.5mm: green color) 

To explain the results shown in Figure 44, a simplified diagram of heat transfer process in the 

model of current study is given in Figure 45. The green block represents the target wall with 

thickness t, and the triangular block is the rib. Constant temperature boundary condition is 

applied for the bottom surface. Heat is loaded from the bottom wall. So there is a 

temperature gradient over the wall. The cooling air flows along the top surface of the target 

wall.  

As demonstrated before in this report, the heat transfer rate in the region around the rib 

varies dramatically. The air in the two cavities besides the rib is almost stagnant. While on 

the top the rib, the fluid flows with rather high velocity speed. In consequence, the heat flux 

q1 would be much smaller than q2, which leads to the result that T1 will be much higher than 
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T2. As a result, an extra heat flux q3 in the direction shown in Figure 45 appears due to the 

temperature difference of T1 and T2. The presence of heat flux q3 greatly helps eliminate the 

temperature difference of T1 and T2. Most importantly, heat power Q3 (the gradient of 

reduced heat transfer difference) is equal to the result of q3 times heat transfer area. Heat 

transfer area in this case can be calculated as: 

 lA  t  ( 5-3) 

l  is the width of the wall (m) perpendicular to the surface in Figure 45. That is to say, heat 

transfer area (A) is proportional to the wall thickness t when l  is fixed. To summarize, the 

increase of target wall thickness contributes to the uniformity of heat transfer rate through 

the target wall.  

 

Figure 45. Simplified diagram of heat transfer process 

6. Conclusion and Discussion 

In this thesis study, target wall surface in the impinging system is roughened with ribs in 

order to increase the uniformity of temperature distribution and to enhance the heat 

transfer. Three kinds of rib shapes, including rectangular, semi-circular, and triangular, and 

three different rib heights, that is 0.5mm, 1.5mm and 2.5mm, were studied using numerical 
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simulation methods. In addition, simulation of 2 ribs and 3 ribs designed on the target wall is 

conducted as well. Target wall thickness, as an essential factor in the heat conduction 

process, was changed so as to access its influence on the solution.  

For the purpose of analyzing the simulation result, wall heat flux on the inner wall of target 

wall is mainly used as the criterion for heat transfer intensity. Velocity profile around the 

target surface is analyzed as well in order to better understand the fluid flow over the 

rib-roughened target surface.  

6.1. Average wall heat flux comparison: heat transfer enhancement study 

In the impinging system, it is of paramount importance to know the average heat flux 

exchanged through the surface, which reflects heat transfer quality of the system. In the 

current study, only the small zone (as shown in Figure 46) around the stagnation point is 

significant. That’s true that the other parts of the surface cannot be ignored. Nonetheless, 

the heat transfer in the region far away from the nozzle cannot be reinforced through rib 

strategy. It requires assistance such as more arrays of nozzles for instance.  

 

Figure 46. Calculation zone on inner surface 

The average wall heat flux through the calculation surface is calculated using numerical tool 

of CFD-Post in the ANSYS workbench package. The detailed value for each case is given in 

Table 3 and plotted in Figure 48. Several results can be achieved from Figure 48. 

i. For cases with 0.5mm ribs, the average wall heat flux q  (around 448 W/m2) is almost 

the same as case without rib. In another words, 0.5mm rib has no influence on the heat 
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transfer intensity;  

ii. For all cases with 1.5mm rib or 2.5mm rib, the average wall heat flux is much higher 

than that of smooth surface case. It can be concluded that when rib height is enough, 

heat transfer could be enhanced through strategy of designing ribs; 

iii. For cases with same rib shape, it is found that the average wall heat flux is increasing 

with the increase of rib height. Therefore, within the range of 0.5mm to 2.5mm, higher 

rib provides better overall heat transfer rate; 

iv. When comparing cases with same rib height, it is observed that except 0.5mm cases, 

triangular rib offers highest average wall heat flux among cases with same rib height, 

while rectangular rib has lowest value of q . This can be explained by the air stagnant 

region around the rib. Triangular rib offers a smooth transition route when flow 

approaches the rib. It can be measured using the angle θin Figure 47. It is the fact that 

θtriangular >θsemi-circular > θrectangular. The amount of stagnant air increases 

when θdecreases.  

 

Figure 47. Comparison of three different kinds of rib shape 

Table 3. Average wall heat flux [W/m2] for cases without rib and with singular rib 

          Rib Height 

Rib Shape 

0.50  1.50  2.50  

Without Rib 448.54  

Semi-circular 452.32  480.45  519.65  

Rectangular  439.82  475.81  512.59  

Triangular  446.49  510.33  525.73  

 

 

θ 
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Figure 48. Average wall heat flux for cases without rib and with single rib 

Table 4. Average wall heat flux for different rib number cases 

Number of 1.5mm Semi-circular Ribs Average Wall Heat Flux ([W/m2]) 

1 432.61 

2 497.34 

3 520.12 

For the cases with different rib number, the average wall heat flux is calculated in Table 4 and 

Figure 49. It can be obviously concluded that when increasing rib number from 1 to 2, the 

heat transfer has been improved a lot for about 14.96%. However, the change of the overall 

heat transfer coefficient when increasing rib number from 2 to 3 is 4.58%, which means that 

the increase is slowing down. Therefore, we cannot rely on increasing rib number to largely 

improve the heat transfer.  
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Figure 49. Average wall heat flux for cases with 3 different rib number 

6.2. Standard deviation comparison: heat transfer uniformity improvement 

study 

In order to quantify the uniformity of heat transfer distribution, standard deviation of the 

wall heat flux distribution is calculated in CFD-Post. The calculation formula for standard 

deviation is as followed: 

  ( 6-1) 

N – size of samples; 

Xi – each sample value; 

μ- average value of all the samples; 
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Table 5. Standard deviation [W/m2] of wall heat flux distribution for all cases 

                Rib Height 

Rib Shape 

0.5mm 1.5mm 2.5mm 

Semi-circular 115.70 63.56 138.74 

Rectangular 121.60 117.99 146.36 

Triangular 121.43 131.71 150.13 

3 Semi-circular Ribs (1.5mm) 92.32 

2 Semi-circular Ribs (1.5mm) 101.82 

Without Ribs 139.27 

 

Figure 50. Standard deviation ([W/m2]) for all cases 

The standard deviation result for all cases is shown in Table 5 and Figure 50. Better uniformity 

means smaller standard deviation. The results can be summarized as followed. 

i. The green columns in Figure 50 are cases with 2.5mm rib. It is shown that the standard 

deviation is around the same value as smooth surface case. 2.5mm triangular and 

rectangular cases even increased the standard deviation, namely the heat transfer 

distribution uniformity is worse than before.  

ii. Except the cases with 2.5mm ribs, standard deviation of all the cases with rib are 
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smaller than case without rib, including single rib, 2 ribs, and 3 ribs. To sum up, 

increasing target surface roughness can benefit heat transfer uniformity as long as the 

rib height is kept within an acceptable value. This value differs for different impinging 

system. 

iii. When comparing cases with different amounts of 1.5mm semi-circular rib, we found 

that one rib helps improve uniformity to the largest extent. Besides that, 1.5mm 

semi-circular rib case is the case which offers the best uniformity among all cases. And it 

is followed by case with three 1.5mm ribs.  

iv. When comparing cases with same rib shape, it is found that when rib height reaches 

2.5mm, the uniformity is decreased. 1.5mm is the best rib height for better uniformity 

for cases with semi-circular and rectangular ribs.  

6.3. Effects of ribs 

After the previous discussion, we found that the rib effect to heat transfer enhancement and 

uniformity improvement is not the same. For one thing, if stronger heat transfer rate is 

desired, 2.5mm rib would be a good choice. However, 2.5mm height of rib cannot ensure 

good distribution uniformity, when rib is designed at the position like this study. For another 

thing, 1.5mm semi-circular rib can give the most uniform heat transfer distribution although 

the enhancement of overall heat transfer is not as high as 2.5mm rib. Moreover, it can be 

concluded that heat transfer could be enhanced when rib height and/or rib number 

increases. The temperature distribution uniformity is more important for the solar receiver 

because there exist much more alternatives to improve the heat transfer intensity. The 

problem needs to be solved right now is the non-uniform distribution of temperature in the 

target wall. 

From the solutions discussed above, we know that the presence of rib has multiple effects 

on the impinging system. On the one hand, firstly, rib protrusion promotes the turbulence 

intensity of the flow region. Stronger turbulence benefits heat transfer from solid target wall 
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to fluid cooling air. Secondly, the rib itself can serve as heat conduction medium. The surface 

area of target wall could be increased due to the presence of rib. The exchanged heat will 

increase as a result of the increase of heat transfer area. Thirdly, after the flow leaves the rib, 

it will reattach to the wall and a recirculation of air flow will be formed in the fountain. The 

reattachment and recirculation largely improve the local heat transfer rate. However, on the 

other hand, though rib benefits the heat transfer from many sides, it has its own 

disadvantage too. For example, rib protrusion reduces the flow momentum, which leads to 

the consequence that heat transfer in the downstream region will be weakened.  

To sum up, despite the fact that rib designed on the target surface has both advantages and 

disadvantages, appropriate rib design could help improve both the heat transfer intensity 

and the distribution uniformity.  
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7. Future work 

In the first place, current study has simulated limited kinds of ribs. In the future study, more 

ribs can be created in order to find the optimal design. There are an abundance of rib 

parameters to be changed such as rib shape, height, position, number and so forth. Besides, 

in this thesis work, three cases are usually created for each rib parameter to do comparison 

study. However, three cases are not enough to obtain the optimal value or the regularity. 

Much more simulation would be required. 

Secondly, the results concluded from this study are subject to a lot of prerequisites. For 

example, the ratio of nozzle-to-surface distance to nozzle diameter, namely H/d, is equal to 2. 

There should be 8 round nozzles evenly distributed around the cylinder. It requires more 

simulation and/or experiments to verify whether the conclusion is suitable for other 

impinging systems. 

Thirdly, in this study, boundary condition of the target wall is set as constant temperature in 

which heat flux represents heat transfer intensity. Nevertheless, in real case, solar radiation 

in the receiver cavity is impossible to give constant temperature condition. Therefore, for 

better instructing the future design of solar receiver, constant heat flux boundary condition 

should be simulated as well. Although the boundary condition for solar receiver cannot be 

constant heat flux either, the combination of two different boundary conditions will be very 

helpful for references.  

Last but not least, as shown in Figure 51, W. Wang [47] has conducted experiments and 

numerical simulation for finding out the required heat transfer coefficient for removing the 

incident solar radiation and the provided heat transfer coefficient by the impinging solar 

receiver (as stated in section 1.3). Figure 51 shows the heat transfer coefficient in the axial 

direction of the cylinder. It is implied that in the region near the stagnation point, the heat 

transfer coefficient provided by the impinging system is big enough to remove the solar heat. 

However, in the region further from the stagnation point, the heat transfer rate is too low. 
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The consequence is that local overheating may happen which is extremely dangerous for the 

system. In another words, measures must be taken for enhancing the heat transfer in axial 

direction. There are researches carried out to solve this problem. For example, orifice design 

has been simulated numerically by B. Wang [48]. In the future, ribs can also be designed to 

solve this problem. 

 

Figure 51. Heat transfer coefficient in axial direction (d: nozzle diameter; n: number of nozzles) 

(Source: [47]) 
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