
 
 

 

 

 

 

 

Numerical Study on Optimizing Impinging 

Orifice Array on a Convex Cylindrical 

Surface 

 

 

 

 

 

Bo Wang 

 

08.26.2014 

 

 



 
 

 

 

 

 Master of Science Thesis EGI 2014 

 

Numerical Study on Optimizing Impinging Orifice Array 

on a Convex Cylindrical Surface 

   

   

Bo Wang 

Approved  

Date 

Examiner 

Björn Laumert 

Supervisor 

Wujun Wang 

 Commissioner 

 

Contact person 

 

 



I 
 

Abstract 

The impinging solar receiver, bearing the merits of high heat transfer coefficient and compact 

structure, has a great potential in the field of solar dish Brayton system. Despite the wide application 

of cylindrical structure in the impinging solar receiver, the research on orifice array optimization 

against curvature surfaces is rare. 

In this paper, the main objective is to study the heat transfer and pressure drop characteristics of an 

orifice impinging array under a constant mass flow rate and a constant surface temperature 

boundary condition for the future impinging receiver design. Various orifice shapes were studied via 

numerical tools (Ansys Fluent 14.0) and their performances in both pressure drop and heat transfer 

coefficient were compared. The upstream fillet orifice was found to have the lowest pressure drop 

with moderate compromise in heat transfer coefficient. Moreover, a mathematical optimization 

model, based on empirical correlations, was developed for the orifice impinging array on the convex 

cylindrical surfaces. This model can provide an appropriate range of orifice number and orifice 

diameter, from which the key factors of the array including the ratio of height and orifice diameter 

H/D, orifice interval, number of orifices in each tier circumferential and tier numbers can be 

calculated. Several validation cases were also conducted by Ansys Fluent. 
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Nomenclature 

 

Symbol Unit Description 

Cd - Discharge ratio 

d m Absorber inner diameter 

D m Orifice diameter 

f - Diameter ratio 

h W/m2K Heat transfer coefficient 

I - Orifice number in each tier 

j - Tier number 

H m Orifice height 

k W/mK Conductivity coefficient 

L m Orifice interval spacing 

n - Orifice number 

P Pa Pressure 

Tamb K Ambient temperature 

T0 K Absorber wall temperature 

V0 m/s Average velocity at the orifice 

vi m/s Inlet velocity 

β - Diameter ratio 
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1 Introduction 

1.1 Global energy status 

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

consumption as well as the world population increased sorely. The dramatic growth is reflected by 

the world energy consumption from 196 EJ in 1973 to 474 EJ in 2008, more than doubled within 40 

years [1]. The traditional energy generation is bearing great pressure to meet the expanding 

demand, especially when the degradation of the fossil fuels is considered. The urgency of developing 

sustainable energy to satisfy the energy consumption can be clearly felt. 

Another factor that on the favor of sustainable energy is it conforms to people’s desire of a better 

living environment in the future. We are faced with a variety of increasing serious environmental 

problems today. According to the Planetary Boundaries theory, which provides a comprehending 

scheme of an Earth environmental system framework, eight categories have been divided as the 

most important issues to maintain a sustainable environment [2]. In these categories, some are 

closely related to the usage of fossil fuels, such as climate change and ocean acidification. 

The threat of fossil fuel degradation and the need of a better future environment stimulated the 

scientific research as well as industrial construction of sustainable energy. A world-wide scenario for 

energy system towards sustainability was predicted by the Germany Advisory Council on Global 

Changes, showing that the solar power including photovoltaics and solar thermal generation will 

cover more than 60% of the global energy generation share by 2100. 

 

Figure 1 A world-wide scenario for energy systems towards sustainability [1] 
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Figure 2 Global direct normal irradiance [3] 

 

1.2 Concentrated solar power 

The concentrated solar power (CSP) systems are power generation systems that concentrate a large 

area of solar radiation onto a small area, using collectors (reflectors or lenses), to provide generator 

connected heat engine with thermal energy and eventually generate electricity. 

Compared to photovoltaic, the CSP can be integrated with the existing thermal power system. The 

concentrated sunlight acts as the external heat source, providing thermal energy for either Brayton 

system or Rankine system or a combined system. The efficiency of the Integrated Solar Combined 

Cycle is higher than in stand-alone CSP plants. When the radiation is not strong enough, it is possible 

to utilize the fossil fuels as a substitution to maintain the operation of the plant. Due to the 

combination with the existing technology, the CSP is reliable. 

Another advantage of CSP is the system can operate around the clock because of the storage 

capability of the thermal energy. Heat storage tanks can supply the system with energy at night or 

when the solar radiation is not intense enough. When combined with other sustainable energy 

sources, the CSP plant could remove the peaks and compensate for the inherent fluctuations. In this 

way the grid could be stabilized. 

The global potential of CSP is estimated to be 3,000,000 terawatts hours per year according to a 

research of German Aerospace Center (DLR) in 2008 [3]. The potential of CSP is even larger than the 
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annual electricity consumption of the world. The distribution of the resource, shown in Figure 2, 

indicated a good CSP potential in North Africa, Mid-eat and Australia. 

1.3 Impinging receiver design 

Among all the indirect-irradiation point-focusing solar receivers, cavity receiver is most commonly 

used. The structure of cavity receive resembles the opaque heat exchanger in a sense that the heat 

flux boundary conditions of both of them are on the hot side [4]. The cylindrical cavity receiver is 

widely used in previous studies because of its simple structure. This sort of receiver has feature that 

a distinct peak on the cylindrical wall can be observed in its flux distribution. The flux distribution of 

cavity receiver against a cylindrical wall is easy to recognize since the distinct peak will appear [5]. 

On cooling side of the cavity receiver, the cooling technologies applied are the forced convection 

heat transfer or fin equipped structure [4]. The temperature summit is very high, which in result will 

become a limit factor of the absorber material. On the one hand, the allowable working temperature 

should not be exceeded. On the other hand, the long-term durability of the material will be 

sacrificed. 

In order to compensate the flux peak of the surface temperature distribution, the impingement 

technology was applied to conventional solar receiver by Wujun Wang, a PhD student in CSP group 

in KTH. The local Nusselt distribution for singular round nozzle impingement jet was observed to 

have a figure resembling a ‘bell’ very much: one peak in the stagnation point or two peaks adjacent 

to the stagnation point beside which the local Nusselt number decreases with the increase in the 

distance away from the center. The distribution of local Nusselt number thus matches with that of 

local heat flux, making itself an ideal choice for surface cooling with a heat flux peak. Though the 

technology of impinging cooling has a quite long history, it was first introduced into the field of solar 

receiver design in 1970s by P. Jarvinen [6], but the original design has been barely improved in the 

next 40 years. Hence, it is significant to study the heat transfer and flow characteristics thoroughly. A 

detailed study will definitely benefit the receiver design optimization in the future. 

1.4 Impingement 

Impinging jets provide an effective way and flexible way to transfer thermal energy and mass in 

industrial applications [7]. A jet of fluid, liquid or gas, directed against a surface is capable to transfer 

large amount of thermal energy and mass between the surface and the fluid. Impingement heat 

transfer applications include cooing 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 
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[8]. Dehydration and small surface particle removal are the examples of industrial application of 

impingent in the mass transfer aspects. 

1.5 Problem statement 

A concept design of an impingement solar receiver, fulfilling the boundary conditions of solar dish-

Brayton system, was designed by Wujun Wang and the preliminary numerical study is done by 

Haoxin Xu in KTH in 2013 [9]. The operation parameters are shown as follow: 

 Having a safe temperature range for the construction materials 

 Having low material thermal stress within the receiver 

 Having acceptable pressure loss within the receiver 

 

Figure 3 Geometry (a) and 3D model (b) of the impinging receiver concept [10] 
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Figure 4 Heat transfer coefficient at D=220mm, T=1373K [10] 

 

Figure 5 Heat transfer coefficient at D=220mm, T=1273K [10] 

 

Figure 6 Heat transfer coefficient at D=240mm, T=1373K [10] 
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Figure 7 Heat transfer coefficient distribution at D=240mm, T=1273K [10] 

The previous numerical study established for the receiver assumed a design with only one tier of 

orifices, which was proved insufficient to fulfill the heat transfer requirement [10]. Although the 

heat flux peak appearing at the stagnation point is higher than the demand, the heat transfer intensity 

on both sides of the peak drops quickly and cannot make up for the heat transfer demand any more. 

The detailed heat transfer coefficient distribution and the required heat transfer coefficient is shown 

from Figure 7 to Figure 10. The local overheating cannot be avoided if the problem is not properly 

handled. This problem will be solved if an orifice array of several rows is applied in the receiver. 

Considering the need of multiple rows of orifices, a proper way to determine the where and how to 

locate the orifice array is in great need. The optimal design of the orifice array can not only fulfill the 

heat transfer demand, but also improve the efficiency and reduce the pressure loss. 

1.6  Objectives 

The main objective of this thesis is to study the heat transfer and pressure drop characteristics of an 

orifice impinging array under a constant mass flow rate and a constant surface temperature 

boundary conditions. Based on that, an optimal design of the orifice array will be determined. The 

defining factors of the orifice array includes orifice number, orifice diameter, the height of the 

orifice, orifice interval length, number of orifice in each tier circumferential and tier numbers. The 

geometry configuration of the orifice should also be determined. 
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2 Literature review 

The research work load passage is divided into two parts. The first part is numerical modeling of 

singular orifices in different geometry configurations, in which the heat transfer coefficient and 

pressure loss are the factors that we focus on. The other part is to determine the proper location 

and design of the orifice array. According to the work load, previous researches related to 

impingement heat transfer are reviewed in this part of the thesis. 

2.1 Singular jet impingement 

The impingement heat transfer, bearing the merit of high heat transfer coefficient, is more efficient 

than the traditional convection heat transfer. In the unconfined environment, the impingement heat 

transfer could save more fluid compared with convection heat transfer [7]. In the figure below 

explained the different regions of a typical impinging jet [11]. The impinging jet could be generally 

divided into four parts. The first part is the free jet leaving the nozzle or orifice. During this process, 

the flow velocity gradually declines under the shearing stress of surrounding static fluid. Then at 

stagnation region, due to he increase in the pressure head, the fluid velocity drops to the lowest 

point. Afte that the wall jet is generated, sweeping the fluid near the wall and taking the energy 

away samutaneously. If an adjact impinging jet is located in a proper place with proper height, a 

fountain region will appear. The heat transfer in the fountain region is usually good because the 

turbulence is strong and thermal energy is easily took away from the surface. K. Jambunathan et al. 

reviewed the experimantial data for the heat transfer rate from impinging turbulent jets with nozzle 

exit Reynolds number in the range of 5,000-124,000 and found after a new correlation was derived 

that the Nusselt number is independent for nozzle-to-plate spacing up to a value of 12 nozzle 

diamters at radius greater that six nozzle diameters form the stagnation point [12]. S. Abishek et al. 

conducted an interesting investigation on the combined effects of buoancy and surface-radiation on 

heat transfer from a isothermal surface, subjected to a confined submerged impinging air jet issring 

from a slot nozzle [13]. 
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Figure 8 The flow regions of impinging jets [7] 

2.2 Impingement on cylindrical surfaces 

Some significant researches have been conducted on a circular cylinder. X.L. Wang studied the local 

heat transfer coefficient on a circular cylinder subject to a circular impinging jet in cross flow [14]. It 

is stated in their report that the cylinder surface can be treated as a flat plate when the circular 

diameter is larger than twice of the orifice diameter. Dushyant and his group conducted numerical 

study of a jet impingement cooling a circular cylinder [15]. They found for a fixed Reynolds number 

and orifice cylinder diameter ratio D/d, the stagnation Nusselt number increases as the height orifice 

diameter ratio H/D decreases. The stagnation Nusselt number decreases as the D/d increases for a 

fixed value of Reynolds number and H/D. Beyond that, the effects are significant only near the 

stagnation region. A. M. Tahsini et al. focused their research on the effect of the target heat transfer 

surface curvature on the heat transfer in laminar confined impinging jet flows [16]. 

The experimental research on local heat transfer coefficients has also been carried out by applying 

the liquid crystal transient method under the experimental device of a hemispherical convex surface 

under a round oblique impinging jet [17]. A. S. Fleischer et al. investigated the jet from a pipe nozzle 

onto a convex heat transfer surface by applying the smoke-wire flow visualization technology. The 
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initiation and growth of the ring vortex generated in the shear layer were studied under different 

relative curvature, nozzle-to-surface distance and Reynolds number [18]. Another similar research is 

also conducted by the same group to study the behavior of a round jet from pipe nozzle onto 

concave and convex surfaces with high relative curvature values [19]. 

2.3 Orifice pressure drop characteristics 

Several research groups also studied the pressure drop characteristics of an orifice from different 

perspectives. L. Brignoni studied the effect of changing the nozzle geometry on the pressure drop 

and local heat transfer distribution in a confined air jet impingement by experiment [20]. The ratio of 

average heat transfer coefficient to pressure drop was enhanced by 30.8% as a result of chamfering. 

Puneet Gulati and his group studied the effect of the shape of the nozzle on the heat transfer 

distribution [21]. Orifices in circular, square and rectangular shape were tested and the average 

Nusselt number was found insensitive to the shape of the nozzle. 

2.4 Impingement orifice array 

D. Kercher investigated on the average surface heat transfer coefficients under a perforated plate of 

multiple, square array, round impinging air jets. A correlation including jet diameter, jet spacing and 

jet-to-surface distance is presented for the heat transfer performance in a semi-enclosed 

environment [22]. The heat transfer characteristics of an equilaterally staggered orifice array was 

studied by Jungyang San and Jenqjye Chen by measuring the Nusselt number distribution for five 

confined circular air jets vertically impinging on a flat surface [23]. The flow and heat transfer 

characteristics of the impinging jet array has been studied by Bertrand P. E. Dano et al. under a 

confined environment swept by cross flow [24]. The detailed velocity data acquired through this 

study show that compared with the circular nozzle, the flow development of the cusped ellipse 

nozzle has a larger influence on the wall region flow and the overall heat transfer of the cusped 

ellipse nozzle is found better under the uniform heat flux boundary condition. Daniele Testi et al. 

pioneered with research of using ionic jets generated by an array of high voltage points to enhance 

the laminar to weakly turbulent mixed convection heat transfer, the result of which can be used in 

the high-efficiency compact heat exchangers and heat sinks [25]. Kyo Sung Choo experimentally 

investigated the heat transfer characteristics of the impinging jets and proposed new correlations for 

stagnation and average Nusselt numbers of the jets as a function of the pumping power alone [26]. 
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3 Research on impinging orifice array optimization 

The optimization of an orifice array can be achieved in different ways. It is certainly a method to 

achieve the optimal design with numerical study alone. However, the work load will be huge if all the 

parameters were taken into consideration. The key parameters defining an orifice array include 

orifice diameter, orifice number, the height of the orifice to the heat transfer surface, orifice 

interval, number of orifices circumferential in each tier and tier numbers. If the numerical simulation 

is to be carried out, then it has to be based on a 6-dimension matrix. At least three cases should be 

carried out in each dimension, making the simulation very time consuming. Under this background, 

the method by applying empirical correlations shows its benefit in orifice array optimization. Here 

introduced a method that could give an appropriate range of the orifice diameter and orifice 

number, from which other key parameters can be calculated. 

3.1 Orifice optimization based on empirical correlations 

Most of the correlations are developed on a flat heat transfer surface. The problem is to evaluate 

whether the correlations can be applied on a curvature surface. Our solution is applying the 

correlation to our cases regardless of the valid range of it. Then numerical simulation will be 

conducted to validate the result drew from the empirical correlations. After comparison, the specific 

correlation model can be evaluated as valid or not. 

A correlation on pressure drop of an orifice was proposed by T. Jankowski [27]. 
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Diameter ratio 0
plenumD

D
 . 

Discharge ratio        for sharp edge orifice. 

The property of the air is shown in Table 1. 

Table 1 Air properties 

Pressure 1 bar 

Temperature 300 K 

Density 1.18 kg/m3 

Viscosity 29.9*10-3 Pa·s 

Pr number 1 - 

Thermal conductivity 0.0437 W/mK 

Make  ̇        . 

To simplify the calculation, the dimensions are omitted here. If we make        and        

respectively, a figure showing the region between 2% and 3% pressure drop can be plot with the 

equations below. 
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This graph, with orifice diameter D on the x axis and orifice number n on y axis, will be combined 

with the heat transfer graph to give the optimal design of orifice diameter and orifice number. If the 

optimal design were expected to have a pressure drop slight less than 3%, then the optimal design 

should lies in between the curves of 3% pressure drop and 2% pressure drop.  

A heat transfer correlation applies for impingement round nozzle array was first proposed by Holger 

Martin [28].  
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Thus, the equation for heat transfer coefficient can be obtained: 
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In this way, α is determined by H/D and √  . Considering the range of validity of H/D and f, the range 

of α could also be determined. Nine cases are raised here as examples and a chart is presented for a 

detailed trend of the α value. As is shown in, if H/D is smaller and f is larger, the α value becomes 

larger. 
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Figure 9 Alpha value range 

Basing on the equation (3-8), the α value has a significant influence on the chart of heat transfer 

coefficient. The pressure drop chart was set as a reference and the curves of a certain heat transfer 

coefficient of different α value were also plotted in the same chart. The figure indicates that with a 

larger α value, the heat transfer coefficient could reach a higher value. Thus the optimal case occurs at 

the right bottom corner in Figure 9 of the α value range table at H/D=2, f=0.04 with an α value of 5.50. 

 

Figure 10 Heat transfer and pressure drop characteristics at alpha=5.50 
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Figure 11 Heat transfer and pressure drop characteristics at alpha=1.93 

Figure 10 and Figure 11 showed the heat transfer and pressure drop characteristics of two orifice 

array designs with different α value. The two yellow lines marked with triangle are the pressure drop 

curve at 2% and 3% pressure drop respectively. Other colored curves are heat transfer coefficient 

curve at certain α value. When α=5.50, the heat transfer coefficient reaches up to 300W/m
2
K, 

indicating that the design with corresponding nozzle diameter and nozzle number could achieve an 

average heat transfer coefficient of 300W/m
2
K by sacrificing the pressure by 3%. When α=1.93, the 

heat transfer coefficient was kept below 125W/m
2
K, indicating the design with corresponding nozzle 

diameter and nozzle number could not exceed a heat transfer coefficient of 125W/m
2
K with a pressure 

drop of 3%. In order to have a higher heat transfer coefficient, the α value is the larger the better. 

3.2 Mesh strategy 

In order to reduce the grid amount without diminishing the quality of the grids, symmetric faces are 

used in the meshing process. Unlike the symmetry faces introduced in the previous chapter, the 

amount of the symmetry faces depends on the number of orifices circumferential. If there are n 

orifices in each tier, then the concentric annuli will be divided into 4n parts. For each part, three 

symmetric faces will be generated. The height of plenum chamber is still more 20 times of the orifice 

diameter to ensure the entry velocity independence of the flow. O-grid structures were built around 

each orifice and the mesh was scrutinized as the previous study to keep the precision of the 

simulation. 
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Figure 12 Mesh schematic diagram 

 

 

Figure 13 Detailed view at the orifice 

3.3 Boundary conditions 

The ambient temperature is 300K. The absorber inner surface temperature is set slightly higher than 

the ambient temperature at 308.15K. Mass flow rate is taken as boundary condition rather than inlet 

flow velocity because the gas turbine is operated under certain pressure and mass flow rate. The 
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mass flow rate was made 1 kg/s, making the Reynolds number at the orifice around 60,000. Actually 

another value of mass flow rate will also be acceptable, because the rules will not change.  

Table 2 Boundary conditions for numerical study on orifice array optimization 

Parameter Parameter notation Value Unit 

Ambient temperature Tamb 300 K 

Absorber inner surface temperature T0 308,15 K 

Inlet mass flow rate m 1 kg/s 

Outlet pressure (Gauge pressure) Po 0 Pa 

 

3.4 Results 

The simulation results of orifice array optimization study are presented here. The heat transfer 

performance and pressure drop are the key parameters that we focused on. In some cases the heat 

transfer coefficient is used to evaluate the heat transfer performance, while in other cases heat flux 

is used instead.  

During the validation of the model, we conducted two numerical cases and compared the 

performance in pressure drop and heat transfer with the results of empirical model.  

 

Figure 14 Heat transfer and pressure drop characteristics for α=2.47 

 

From Figure 14, the pressure drop characteristics curves, marked with small triangles, meet the 

curve with a heat transfer coefficient of 125W/m2K. In the meeting region, the nozzle number is 
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around 60-70 and the nozzle diameter is 0.016m. Other parameters of the case were calculated by 

using the mathematical model mentioned previously and shown in Table 3. 

Table 3 Parameters of the validation case 

Parameter Notion Unit Case 1 Case 2 

α α - 3.76 2,47 

Height diameter ratio H/D - 6 12 

Relative area f - 0.04 0,04 

Orifice number n - 66 72 

Orifice diameter D m 0.018 0,016 

Interval spacing L m 0.074 0,068 

Number of orifice in each tier i - 11 12 

Number of tiers j - 6 6 

Heat transfer coefficient h W/m2K 200 135 

Pressure drop ∆P/P - 2%-3% 2%-3% 

 

3.4.1 Heat flux and heat transfer coefficient distribution 

 

Figure 15 Heat flux distribution of the validation case 1 and case 2 
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Figure 15 shows the heat flux distribution of the validation case on the absorber inner surface. The 

heat flux has a largest value under the stagnation point while the fountain is barely noticeable. This 

is because the ratio of orifice height and orifice diameter is 6 and 12, relatively a large value. In the 

latter part of this thesis, the fountain will be observed more clearly when the velocity field is 

presented. 

Another phenomenon is that the heat flux distribution of the third orifice is pushed towards 

downstream a little bit. This is caused by the cross flow generated by nearby jets. The air flow 

injected to the absorber chamber has to squeeze the way out between the existing jets, thus causing 

the deviation of the stagnation point. Considering the orifice height is large, cross flow effect is not 

obvious. The cross flow will be dominating when the ratio of orifice height and orifice diameter H/D 

reaches 2. 

A valley of heat flux can be observed in the center of the four adjacent jets from both case 1 and 

case 2. Even though in the heat transfer performance is largely improved compared to case 2, the 

inefficiency in heat transfer in the valley region can be easily located. The region is the farthest 

location on the cylindrical surface to any jet and the fountains in both axial direction and 

circumferential direction has already been degraded when they reach the region. The interaction of 

the two fountains improved the local heat transfer a little bit but still is not sufficient to cover the 

local heat flux requirement. We left over this problem because in real case the solid material making 

the wall of the absorber will have a higher temperature at the region with lower heat transfer 

coefficient. This will result in the non-uniformity of temperature field on the heat transfer surface 

and the temperature gradient will sequentially cause the heat transfer inside the solid material by 

conductivity. For most of the cases, the conductivity for solid material is dramatically larger than the 

heat transfer coefficient by convection, even though the heat convection has been enhanced by 

impinging jets. Thus more thermal energy will be carried away by the working fluid from the region 

with higher heat transfer coefficient. The excision of heat at low heat transfer coefficient region will 

be conducted to the adjacent solid material through conductivity. This phenomenon can be 

validated by conducting conjugated heat transfer. 

The heat transfer coefficient in case 1 is larger than that of case 2. A large α value indicates that the 

height is smaller and the relative orifice area is larger. 
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3.4.2 Flow velocity filed 

 

Figure 16 Velocity contour axial view for validation cases 

 

Figure 17 Velocity contour circumferential view for validation cases 
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The velocity filed for case 1 and case 2 showed some differences. In case 1, H/D is moderate high 

and the core jet region reaches the heat transfer surface. The passage between the jets is limited 

thus the cross flow facilitated the interaction between the jets. The fountain, though it is weak, still 

can be easily observed. The local heat transfer at fountain is still enhanced. Cross flow will also 

sweep the jets, including the fountain, towards the outlet of the absorber chamber. The fountain 

jets on the right side can be easily observed with an inclination angle towards downstream. A tail of 

wall jet formed by the third jet is found just besides the jet towards downstream. Although no 

fountain is formed, the wall jet could still contribute to the heat transfer and it could also expand the 

surface of heat transfer. 

In case 2 due to the large K/D ratio, the core jet region tapered away before it reaches the heat 

transfer surface. The main stream velocity is slowed down by the shearing stress. The jet, even 

though without large velocity, managed to form a typical but small scale fountain region. Enormous 

space has been left between the jets, which could lead the cross flows out towards the downstream. 

In this way, both the jets and the fountain haven’t been influenced seriously. The fountain between 

the second and the third jets goes straight up unlike what has been observed in case 1. The wall jet 

layer of the third jet also doesn’t extend as far as the case 2 jet tail. 

Unlike the velocity distribution on axial direction, the fountain is very obvious in the circumferential 

direction because it’s much easier for the wall jet to detach from a convex surface. When two 

adjacent jets collide with each other, the fountain is formed and heat transfer is improved. In the 

orifice array design in a impinging solar receiver, the jets should not be located too far away from 

each other especially in the circumferential region. On a curvature surface the wall jet has a large 

possibility to detach from the heat transfer surface and reduce the local heat flux, even though 

fountain is formed. 

3.4.3 Results analysis 

For the purpose of evaluating the empirical model, the results from the empirical model were 

compared with that of numerical model. The area average heat transfer coefficient and pressure 

drop were evaluated here. As is shown in Table 4 Comparison of the validation cases results from 

empirical model and numerical model, for both case 1 and case 2 the area average heat transfer 

coefficient predicted by the empirical model is 200W/m2K and 135W/m2K respectively, both of 

which is smaller than the numerical model predictions by a deviation over 30%. The pressure drop 

predictions have similar pattern. It seems that the empirical model has a quite large deviation and is 

not applicable to the cases. However, it is not true and some important rules are found in this study. 
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The deviation of empirical modeling is probably smaller than what we’ve got, because the numerical 

modeling also has deviation. In our cases of numerical study, the Transition SST model was assumed 

because the Transition SST model is quite precise in impingement heat transfer simulation when 

compared with other models. Besides, the simulation with Transition SST does not take too much 

time, so it’s quite efficient to carry out impingement simulation using this model. However, it has 

been proved that the Transition SST model has a deviation about 10% near the stagnation region. 

[10] As shown in Figure 18 Nusselt number profile for different RANS turbulence models, the curve 

of Transition SST model showed high coincidence with the result obtained from experiments. The 

only difference is that in the stagnation region and at the second peak, the result from simulation 

with Transition SST model is about 10%-15% higher than the actual value. Considering this, the result 

from empirical model will probably be 15%-20% lower than the real value. In this case, the deviation 

is kind of acceptable. 

According to the modeling result, the predictions made by the empirical value are always on the 

conservative side of the real value. This is very important when the impinging solar receiver design is 

put into reality and applied to industrial application. If the predictions act just the other way around 

and is always higher than the heat transfer coefficient in reality, it would be more difficult for us to 

design the receiver with high efficiency without any safety hazard. Now we could make sure that the 

design made according to the empirical design is always conservative and safe. 

 Another phenomenon is that the deviation of case1 with α value of 3.74 is always smaller than that 

of case 2, no matter deviation is in heat transfer coefficient or in pressure drop. This is conceivable 

because a larger value in α implies a larger value in relative area f and a smaller value in the ratio of 

orifice height divided by orifice diameter H/D. When the relative orifice area f is larger, each orifice is 

actually covering a larger area. Thus the curvature of the surface will be noticed and cannot be taken 

as a flat plate any more. The empirical correlations, suiting flat surface heat transfer may therefore not 

suitable to the case. The same will happen if the ratio of orifice height and orifice diameter H/D 

increases. As H/D increases, the jet will expand in radical direction. If the cylindrical surface is 

located far enough, the situation will be similar to a cylindrical heat transfer surface merged into a 

uniform velocity flow field, which is obvious different from the flat surface heat transfer coefficient. 

If α value is larger, both H/D ratio and the relative orifice area f will be more close to an ideal flat heat 

transfer surface. Therefore, the deviation will be reduced. Luckily, the largest heat transfer coefficient 

is achieved when α has the largest value, which means the optimal design will have the smallest 

deviation among all the empirical designs with smaller α values. 
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Figure 18 Nusselt number profile for different RANS turbulence models 

Table 4 Comparison of the validation cases results from empirical model and numerical model 

  
α=3.76 α=2.47 

Area average heat transfer 
coefficient (W/m2K) 

Empirical model 200 135 

Numerical model 308,81 232,73 

Deviation 35,24% 41,99% 

Pressure drop (%) 

Empirical model 3% 3% 

Numerical model 4,03% 5,49% 

Deviation 25,56% 45,36% 

 

Table 5 Optimal design from empirical model 

Parameter Notion Unit Value 

Alpha α - 5.50 

Height diameter ratio H/D - 2 

Relative area f - 0,04 

Orifice number n - 65 

Orifice diameter D m 0,015 

Interval spacing L m 0,0628 

Number of orifice in each tier i - 13 

Number of tiers j - 5 

Heat transfer coefficient h W/m2K 300 

Pressure drop ∆P/P - 2%-3% 
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Figure 19 Streamline of the optimal design 

 

The optimal design is shown in Table 5 Optimal design. An example of the streamline of the optimal 

design is also shown in Figure 19 Streamline of the optimal design, where vortex between the jets 

and back flow around the orifices at absorber out surface can be observed. 
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4 Numerical study on the heat transfer and pressure drop 

characteristics of singular orifice 

To the study the influence of the orifice geometry configuration on the heat transfer performance 

and pressure loss of the impinging solar receiver, we numerically studied singular orifices in 6 

different geometry configurations. The differences in heat transfer coefficient and pressure drop 

were compared. 

Six types of geometry configurations of the orifice are shown in Figure 20. The narrowest part of 

every orifice is 0.0472m. 

 

Figure 20 Orifice geometry configurations 
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4.1 Mesh strategy 

The impinging solar receiver has a cylindrical layout, shown in Figure 21. The orifice is located 

between two concentric annuli, connecting the out plenum chamber and the inner absorber 

chamber. The air flow is injected from the plenum out chamber between middle wall and out wall, 

after which the impinging jets is formed against the absorber surface when air flow is pumped 

through the orifice. After the heat transfer process at the absorber surface, the air flow is ducted 

downstream towards the outlet together with the thermal energy collected. In the numerical study, 

an abstraction model is established and the mesh strategy is shown in Figure 22.  

 

Figure 21 Schematic design of the impinging type solar receiver 

 

Figure 22 Mesh schematic diagram 
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Figure 23 Detailed view of the orifice 

 In order to reduce the grid amount without diminishing the quality of the grids, only a quarter of the 

concentric tube is meshed. Two symmetric faces were therefore set for the data exchange on the 

edge of the mesh. The height of plenum chamber was made larger than 20 times of orifice diameter 

to prevent the modeling results from being influenced by the incoming flow [29]. It is obvious that 

the flow is set to enter the cell zone from radical direction, different from the actual design in which 

the incoming flow is from axial direction. This is because the research is focused on fundamental 

study and it is important to ensure a typical jet is formed at the downstream of the orifice.  

Another detail is the grid in the shearing region around the jet is smaller and of higher quality. In this 

region, the shear stress is larger and the velocity gradient is steep. Smaller grids in the region can 

lead to a result of better precision. The elements near the absorber surface are also densed since the 

temperature gradient is sharp. 

By applying ICEM, systematic hexahedral elements are generated. The space ratio was set 1.2 to 

achieve a smooth transition from the edges towards the center cell zone. Aspect ratio was kept 

below 200, satisfying the accuracy requirement of the turbulence model. The boundary layer against 

absorber inner with a starting element of only 0.00005m thickness can keep the y+ at stagnation 

point below 1 to maintain the precision of the simulation [30]. 

4.2 Boundary conditions 

The research is focused on fundamental research, thus the boundary conditions are not exactly the 

same with the operating condition. The ambient temperature is 300K. The temperature of the inner 

surface of absorber is 308.15K, which is slightly higher than the ambient temperature. Though the 

difference is slight, the rules that the heat transfer process follows will remain the same. Thus the 

final simulation result will not be influenced. The same reason goes for the outlet temperature of 0 
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Pa gauge pressure. The inlet velocity of 0.0008675m/s does not seem too small when the large inlet 

area is taken into consideration. The velocity was set such a number to make sure the Reynolds 

number at the neck of the orifice is around 16000. 

Table 6 Boundary conditions for numerical study on orifice configuration 

Parameter Parameter notation Value Unit 

Ambient temperature Tamb 300 K 

Absorber inner surface temperature T0 308,15 K 

Inlet velocity vi 0,0008675 m/s 

Outlet pressure (Gauge pressure) Po 0 Pa 

4.3 Results 

The simulation results of orifice geometry configuration study are presented here. The heat transfer 

performance and pressure drop are the key parameters that we focused on. In some cases the heat 

transfer coefficient is used to evaluate the heat transfer performance, while in other cases heat flux 

and Nusselt number is used instead. The flow velocity field is also presented because it helps to 

analysis the rules that pressure drop and heat transfer performance followed. 

4.3.1 Pressure distribution 

The pressure change upstream and downstream of the orifice center line will be discussed in this 

part. The pressure drop will be analyzed along the axis of the orifice, which is marked red in Figure 

24. 

 

Figure 24 Domain of pressure drop analysis 

In the chart of pressure drop of the orifice, the Y axis is the pressure drop while the X axis is the 

distance from the axis of the concentric annuli on the axis of the orifice, i.e. the Y in the coordinates 



28 
 

of the receiver. At x=0.4, the flow enters the plenum and passes through the orifice at x=0.224. The 

absorber inner surface is located at x=0.13. The pressure starts to decrease when the flow 

approaches the orifice and reaches the lowest point in the core jet region at the downstream of the 

orifice. When the flow arrives at the stagnation point, the velocity drops to almost 0 and pressure 

climbs up again. 

The pressure drop characteristics of the orifices can be roughly divided into two groups. The 

pressure drop of sharp edge orifice and downstream fillet orifice has a larger pressure drop up to 50 

Pa. The pressure drop of orifices in other geometry configurations scattered around 35 Pa. From the 

result it can be concluded that the pressure drop will decrease if the upper edge of the orifice is 

modified, either chamfer or fillet, while the modification on the bottom edge of the orifice will not 

influence the pressure drop characteristics of the orifice. 

 

Figure 25 Pressure distribution of orifices in different shapes 
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Figure 26 Pressure drop of the orifice 

4.3.2 Heat flux and heat transfer coefficient distribution 

The heat flux distribution of different orifices is analyzed along two intersection lines between 

absorber inner surface and the two symmetry surfaces. One of them is parallel to the axis of the 

concentric annuli. The other line is in the circumferential direction surrounding the absorber surface. 

The two lines are high lightened in the figure below. Heat transfer performance will be discussed 

separately in these two domains shown as the red and yellow line in Figure 27. 

 

Figure 27 Domain of heat transfer analysis 
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Figure 28 Heat flux distribution on absorber inner surface of orifices in different shapes 

In Figure 29, the stagnation point is located at x=0. The heat flux distribution in the axial direction is 

similar to the distribution on a flat plate. The heat flux is moderate high at stagnation point, besides 

which two heat flux peak can be observed. The stagnation point heat transfer is not the highest 

because the velocity near stagnation is small and the heat cannot be conducted out effectively. The 

appearance of two peaks is due to the vortex reattachment in the transition process of the flow. The 

axial heat transfer performance of different orifices resembles each other. The main difference is for 

the orifice with upstream edge modification experienced a decrease in heat transfer performance. 
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Figure 29 Axial heat flux distribution 

 

Figure 30 Circumferential heat flux distribution 
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The similar phenomena were observed in the circumferential direction as well. The heat transfer 

performance conformed to the pressure drop characteristics. The turbulence intensity increases 

with the growth in velocity, thus resulting in a better heat transfer capability. The higher flow 

velocity requires higher pressure drop to push the fluid through the orifice. To conclude, the heat 

transfer performance is in negative correlation with the pressure drop. 

4.3.3 Flow velocity filed 

The flow velocity field is also checked to further explain the reason that leads to the high pressure 

drop in sharp upstream edge orifice. 

 

Figure 31 Domain of velocity analysis 

The velocity field distribution has shown in Figure 32 by contour. The core jet region of the top two 

cases, the sharp edge orifice and the outlet fillet orifice, has obviously larger velocity magnitude, 

which coincide with our expectations because larger velocity requires larger pressure loss to provide 

the pumping power and therefore will increase the turbulence intensity and sequentially the heat 

transfer performance. 

By obtaining the local velocity field at the outlet of the orifice in Figure 33, for the orifices with 

upstream edge modification, the velocity increased quickly from the orifice edge and after a peak 

not far from the edge, the velocity slightly declined as it moves closer to the center. The velocity 

field of orifices without upstream edge modification has mainly two differences. One is the peak 
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velocity is higher than that of other orifices. The other difference is a reverse flow at the edge of the 

orifice was observed. 

 

Figure 32 Velocity contour of orifices in different shapes 
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Figure 33 Velocity field at the orifice outlet 

 

Figure 34 Local velocity vector at the outlet of the sharp edge orifice 
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Figure 35 Local velocity vector at the outlet of the inlet fillet orifice 

 

Figure 36 Local velocity vector at the outlet of the outlet fillet orifice 
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It has been shown more clearly in the local velocity vector charts in Figure 34-Figure 36 that both 

inlet edge and the outlet edge have the capability to reform the flow field. However, the inlet edge 

has a dominance influence on the intensity of the back flow. When the back flow is strong, incoming 

flow is therefore pushed towards the center of the orifice. Thus the flow passage is narrowed, 

resulting in a higher velocity and pressure drop under the condition of constant mass flow rate. The 

change in the diameter of the actual flow passage can be expressed by the discharge coefficient Cd, 

which we took a value of 0.6 for sharp edge orifice in the previous study of this thesis. It is 

conceivable that the discharge coefficient for inlet fillet orifice has a larger value of 0.8 realizing the 

actual passage for inlet modified orifice is larger. 

4.3.4 Result analysis 

It is obvious that the general trends in pressure drop and heat transfer performance of the orifices 

are the same. However, orifices with upstream edge modification are different by showing a lower 

pressure drop and heat transfer performance. The phenomena can be explained by analyzing the 

flow velocity field at the bottom edge of the orifice. Due to the abrupt area change in the sharp 

upstream edge orifices, a vortex was generated on the surface of the orifice and the back flow 

pushes the main flow towards the center of the orifice, thus narrowed the flow passage. Under the 

boundary condition of constant flow rate, the fluid pushed through narrower passage will acquire 

higher speed at the sacrifice of larger pressure drop. Though higher speed will contribute to the heat 

transfer performance, the pressure drop cannot be made up. 

A ratio was proposed to evaluate the performance of an orifice in both heat transfer and pressure 

drop. The ratio is the heat flux at stagnation point divided by the pressure drop. The inlet edge 

modified orifices has a performance ratio of 18 W/m2Pa, while the sharp edge orifice has a 

performance ratio of 12 W/m2Pa, which is 30% less than that of a modified orifice. 

In industrial applications, the pressure drop in sharp upstream edge orifices is a kind of waste in 

energy and will negatively affect the efficiency. Thus it is recommended to modify the upstream 

edge of the orifice. The modification on bottom edge doesn’t show any difference in heat transfer 

performance or pressure drop, therefore it’s unnecessary for bottom edge modification. If the 

manufacturing process of the orifice is also regarded, the upstream edge fillet will be the easiest way 

to get a high efficiency orifice. 

An example of the singular orifice streamline is shown in Figure 37. In the center region of core jet, 

the fluid has the largest velocity. After reaching the heat transfer surface of the absorber, the jet 

spread and the wall jet is formed sticking well with the absorber inner surface until it arrives the 

back of the cylinder. 
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Figure 37 Streamline of singular orifice 
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5 Conclusions 

In this thesis a mathematical model based on empirical correlations was developed. By testing it 

with numerical models, it has been found that when the α value is larger, the model is more precise. 

A small α value indicates that the ratio between orifice height and orifice diameter H/D is large or 

the relative orifice area is small. Either of these two will lead to the deviation in the prediction. 

When H/D increases and other parameters are kept the same, the absorber surface can be regarded 

as a curvature surface merged into the fluid with uniform velocity, which is obvious not similar with 

the flat surface case. When the relative orifice area is smaller with other parameters remain the 

same, more area of the curvature surface will be covered, which also leads to disagreement 

between the two models. The optimal design lies where H/D is small and relative orifice area is large, 

so the result is reliable. The design based on empirical model is always on the conservative side of 

the real value. Thus it could help to prevent the safety hazard. 

Table 7 Parameters of optimal design 

Parameter Notion Unit Value 

Alpha α - 5.50 

Height diameter ratio H/D - 2 

Relative area f - 0,04 

Orifice number n - 65 

Orifice diameter D m 0,015 

Interval spacing L m 0,0628 

Number of orifice in each tier i - 13 

Number of tiers j - 5 

Heat transfer coefficient h W/m2K 300 

Pressure drop ∆P/P - 2%-3% 

Secondly, the heat transfer and pressure drop characteristics of singular orifice in different shapes 

has been studied. It has been found that both inlet edge modification and outlet edge modification 

will influence the heat transfer performance and the pressure drop, whereas the influence caused by 

inlet edge modification dominates the fluid velocity field. Without inlet edge modification, strong 

back flow will be formed. The vortex generated near the orifice neck will negatively influence the 

main flow by pressing it away from the orifice wall. In this case, the flow passage is actually 

narrowed. Under the boundary condition of constant mass flow rate, the fluid will have a larger 

velocity and thus requires higher pressure pumping the fluid through the orifice. To define the heat 

transfer and pressure drop performance of the orifice, a factor is raised simply by dividing the heat 

transfer coefficient with the pressure drop. The result shows that under most circumstances, the 

inlet edge modified orifice has a better performance. Taking the ease industrial manufacturing into 

consideration, the upstream edge fillet is favored.  
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6 Future work 

To combine the achievements of study on the orifice array optimization and the singular orifice 

study, the empirical model and numerical model need to be updated with the orifice modified on 

the inlet edge. In order to make this, the meshing of the numerical model should be reconstructed, 

while for the empirical case simply substituting the discharge factor Cd with a value of 0.8 will be fine.  

It will be necessary to conduct a thorough study on the influence of the cross flow on the heat 

transfer performance and the pressure drop. As is stated previously stated in this report, when the 

orifice height H is smaller, the cross flow will be enhanced. Too strong a cross flow will sweep the 

jets towards the downstream and result in the stagnation deviation. Considering the optimal design 

has the smallest orifice height, the intensity of the cross flow could be strong enough to negatively 

affect the heat transfer performance of the orifice array. In that case, proper solutions have to be 

found to mitigate the cross flow. 

The deviation of the empirical model is partly caused by system error of the empirical correlations. 

The heat transfer correlations were first proposed by H. Martin for cases of heat transfer process on 

flat surfaces. Even though the optimal design has the largest α value and resembles the flat surface 

case, errors still exist. To avoid this part of the deviation, empirical correlations on a convex 

cylindrical surface should be obtained. By applying a more precise correlation, the precision of the 

empirical model can be improved. 

A real case study needs to be carried out. The model in this thesis is applying the boundary 

conditions given by the researcher, which is different from the reality in industry. It is very important 

to conduct both the empirical model and the numerical model under the boundary conditions under 

an industry background. By then new problems might appear. Only after the validation by industrial 

standard, the model can be evaluated applicable in the impinging solar receiver design. 
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