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ช่ือวทิยานิพนธ์ การเพ่ิมความสามารถถ่ายเทความร้อนบนพ้ืนผวิท่ีเจท็พุง่ชนโดยลด
ผลกระทบจากกระแสไหลตดั 

ผู้เขยีน นายมกัตาร์   แวหะย ี
สาขาวชิา วิศวกรรมเคร่ืองกล 
ปีการศึกษา 2556 
 

บทคดัย่อ 
 

งานวิจยัน้ีมีจุดประสงคเ์พ่ือเพ่ิมการถ่ายเทความร้อนบนพ้ืนผิวท่ีเจ็ทพุ่งชนโดยลด
ผลกระทบจากกระแสไหลตดั ในงานวิจยัไดใ้ชอ้อร์ริฟิสรูปร่างวงกลมยาวท่ีมีอตัราส่วนความยาว
ต่อความกวา้ง (Aspect ratio) AR=4 และ 8 แทนออร์ริฟิสรูปร่างวงกลม (AR=1) โดยกาํหนดให้
พ้ืนท่ีหนา้ตดัเท่ากนั ในกรณีของออร์ริฟิสแบบวงกลมยาวไดศึ้กษาผลของมุมปะทะ (θ) คือมุมท่ี
แกนหลกัของออร์ริฟิสทาํมุมกบัทิศทางการไหลของกระแสไหลตดัท่ี θ=0o, 15o, 30o และ 45o 
สาํหรับระยะจากปากทางออกเจท็ถึงพื้นผิวท่ีเจท็พุง่ชนกาํหนดใหค้งท่ีท่ี H=2DE โดย DE คือเส้นผา่น
ศูนยก์ลางออร์ริฟิสเทียบเท่ามีค่าเท่ากบั 13.2 mm งานวิจยัแบ่งการศึกษาออกเป็นสามส่วน ในส่วน
แรกและส่วนท่ีสองศึกษากรณีของเจท็ลาํเดียวและเจท็แถวจาํนวน 4 ลาํ พุง่ชนพ้ืนผิวภายในอุโมงค์
ลมท่ีมีกระแสไหลตดัท่ีถูกสร้างข้ึน อตัราส่วนความเร็ว (ความเร็วเจ็ทต่อดว้ยความเร็วกระแสไหล
ตดั) ไดป้รับใหอ้ยูท่ี่ VR=3, 5 และ 7 สาํหรับกรณีของเจท็แถวไดศึ้กษาผลของทิศทางการทาํมุมของ
ออร์ริฟิสวงกลมยาว 3 แบบคือ (1) เอียงในแนวเดียวกนั (2) เอียงสลบัเขา้หากนั และ (3) เอียงสลบั
ออกจากกนั ในส่วนท่ีสามไดศึ้กษากรณีเจ็ทกลุ่มจาํนวน 4x6 ลาํ ท่ีมีการจดัเรียงแบบแถวตรง 
(Inline) และแบบแถวสลบั (Staggered) โดยกาํหนดระยะห่างระหว่างเจ็ทคงท่ี S=3DE นอกจากน้ีได้
ทาํการปรับค่าเรยโ์นลดน์มัเบอร์อยูท่ี่ Re=5,000, 7,500 และ 13,400 สาํหรับการวดัอุณหภูมิบน
พ้ืนผิวได้ใช้แผ่นเทอร์โมลิควิดคริสตลัและหาการกระจายของนัสเซิลต์นัมเบอร์บนพื้นผิวด้วย
เทคนิคการวิเคราะห์ภาพ สาํหรับการศึกษาลกัษณะการไหลบนพ้ืนผิวท่ีเจท็พุ่งชนไดใ้ชเ้ทคนิคฟิลม์
นํ้ ามนั นอกจากน้ีไดศึ้กษาลกัษณะการไหลโดยใชโ้ปรแกรมคาํนวณทางพลศาสตร์ของไหลจาํลอง
การไหลในคอมพิวเตอร์ 

จากผลการทดลองโดยภาพรวมพบว่า เจ็ทท่ีไหลออกจากออร์ริฟิสแบบวงกลมยาว 
AR=4 และ 8 ท่ี θ=0o สามารถลดผลกระทบจากกระแสไหลตดั คือการโนม้เอียงของเจ็ทตามการ
ไหลของกระแสไหลตดันอ้ยกว่ากรณีของเจ็ทจากออร์ริฟิสหนา้ตดักลม (AR=1) ซ่ึงมีผลทาํใหก้าร
ถ่ายเทความร้อนบนพ้ืนผวิของเจท็จากออร์ริฟิสแบบวงกลมยาวทั้งสองกรณีท่ี θ=0o สูงกว่ากรณีของ
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เจ็ทจากออร์ริฟิส AR=1 สําหรับผลของมุมปะทะท่ี θ=15o พบว่าลกัษณะการไหลและการถ่ายเท
ความร้อนใกลเ้คียงกบักรณีมุมปะทะ θ=0o เม่ือมุมปะทะเพ่ิมข้ึนเป็น θ=30o และ 45o พบว่าเจ็ทมีการ
โนม้เอียงไปทางการไหลของกระแสไหลตดัมากข้ึนและทาํใหเ้กิดการพุ่งชนพ้ืนผิวไดน้อ้ย เน่ืองจาก
เป็นการเพ่ิมพ้ืนผิวปะทะระหว่างเจ็ทและกระแสไหลตดั ส่งผลทาํใหก้ารถ่ายเทความร้อนบนพ้ืนผิว
ลดลงตามการเพ่ิมข้ึนของมุมปะทะ โดยเฉพาะอย่างยิ่งกรณีท่ีกระแสไหลตดัมีความเร็วสูง VR=3 
สาํหรับผลของรูปร่างออร์ริฟิสพบว่ากรณี AR=4 แนวโนม้การถ่ายเทความร้อนสูงกว่ากรณี AR=8 
เน่ืองจากเจท็ท่ีไหลออกจากออร์ริฟิส AR=8 มีพ้ืนท่ีสัมผสัระหว่างลาํเจ็ทกบักระแสไหลตดัมากกว่า
กรณี AR=4 ส่งผลทาํให้เจ็ทจากออร์ริฟิส AR=8 ไดรั้บผลกระทบจากกระแสไหลตดัมากกว่ากรณี 
AR=4  

สําหรับผลการศึกษากรณีเจ็ทแถวพบว่า บริเวณท่ีเจ็ทพุ่งชนซ่ึงตรงกบับริเวณท่ี
อตัราการถ่ายเทความร้อนสูงมีพ้ืนท่ีลดลงเม่ือเทียบกบักรณีเจ็ทลาํเดียว เน่ืองจากเจ็ทแถวถูกจาํกดั
บริเวณโดยเจท็ท่ีอยูด่า้นขา้ง สาํหรับผลของทิศทางการทาํมุมของออร์ริฟิสวงกลมยาวพบวา่ กรณีมุม
แบบ (3) เอียงสลบัออกจากกนั ใหอ้ตัราการถ่ายเทความร้อนสูงกว่าแบบ (1) เอียงในแนวเดียวกนั 
และ (2) เอียงสลบัเขา้หากนั   

สาํหรับผลการศึกษากรณีของเจ็ทกลุ่มพบว่า การจดัเรียงของเจ็ทแบบแถวตรงให้
อตัราการถ่ายเทความร้อนสูงกว่ากรณีการจดัเรียงแบบแถวสลบั เน่ืองจากกรณีแบบแถวตรง กระแส
ไหลตดัสามารถไหลผ่านช่องว่างระหว่างแถวของลาํเจ็ทไดต้ลอด ในขณะท่ีการจดัเรียงแบบแถว
สลบั กระแสไหลตดัถูกกั้นโดยลาํเจ็ทท่ีอยูด่า้นปลายทางการไหล สาํหรับออร์ริฟิสแบบวงกลมยาว 
AR=4, θ=0o สามารถลดผลของกระแสไหลตดัและสามารถช่วยเพ่ิมอตัราการถ่ายเทความร้อนใหสู้ง
ทั้งกรณีการจดัเรียงแบบแถวตรงและแถวสลบั ซ่ึงเม่ือเทียบกบัออริฟิสแบบวงกลมยาว AR=8, θ=0o 
พบว่าสามารถลดผลของกระแสไหลตดัและช่วยให้อตัราการถ่ายเทความร้อนสูงเฉพาะกรณีการ
จดัเรียงแบบแถวตรง เม่ือพิจารณาผลของมุมปะทะในกรณีเจ็ทกลุ่มพบว่า การเพ่ิมข้ึนของมุมปะทะ
ช่วยเพ่ิมอตัราการถ่ายเทความร้อนเล็กนอ้ยในบริเวณตน้ทางการไหล สาํหรับบริเวณปลายทางการ
ไหล อตัราการถ่ายเทความร้อนลดลงอยา่งมาก 
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ABSTRACT 

 

The aim of this research is to enhance the heat transfer on the impinged 

surface by reducing the effect of cross-flow. The round orifice (AR=1) was replaced by 

elongated orifices with a ratio of orifice length to orifice width of AR=4 and 8 in based on 

identical an exit area. For the case of elongated orifice, an attacking angles, defined as the 

major axis of elongated orifice to the cross-flow direction, at θ=0o, 15o, 30o and 45o were 

studied. A jet-to-plate distance was fixed at H=2DE, when DE is an equivalent orifice diameter. 

The research was categorized with three parts. The first and second parts are focused on a 

single jet and a row of 4 jets that impinge on inner surface of wind tunnel under a simulated 

cross-flow. Velocity ratios (jet velocity/cross-flow velocity) were varied at VR=3, 5 and 7 for 

both these sections. For the case of jet row, effect of rotating directions of elongated orifices 

with 3 types, (1) parallel, (2) counter-convergent and (3) counter-divergent configurations 

were examined. For the third part, the impingement array of 4×6 jets arranged with inline and 

staggered nozzle configurations were studied, and jet-to-jet distances were fixed at S=3DE,. 

The Reynolds number was also varied at Re=5,000, 7,500 and 13,400. The local temperature 

distribution on the impinged surface was measured using Thermochromic Liquid Crystal 

sheet (TLCs), and the local heat transfer coefficient was evaluated using  image processing 

method. The oil film technique was used to visualize the flow patterns on the impingement 

surface. The numerical simulation was employed to gain insight into the fluid flow. 

The results show generally that the impinging jets discharging from both 

elongated orifices, AR=4 and 8, at θ=0o can minimize the cross-flow effect. The deflection of 

jets toward cross-flow direction for elongated orifices is smaller than those conventional 

orifice (AR=1). This affects directly to the heat transfer rate on the impingement surface that 

the impinging jets from both elongated orifices with θ=0o can increase the heat tranfer rate 

higher than those the case of AR=1. The effects of small attacking angle (θ=15o) found that 

the flow and heat transfer characteristics are rather similar to the case of attacking angle at 

θ=0o. However, the deflections of jets to the cross-flow streamwise become greater and 
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impingement on the target surface is weaker when the attacking angle becomes larger, θ=30o 

and 45o. This is due to increase the attacking area between the jets and the cross-flow; the heat 

transfer was decreased by increasing the attacking angle, especially, for the case of high 

cross-flow velocity, VR=3. The effect of orifice shape shows that the heat transfer rate for the 

case of AR=4 is generally higher than those the case of AR=8. This reason is from that the 

perimeter of jet discharging from the orifice with AR=8 is larger than those the case of AR=4 

casing to increase contact area between the jet and the cross-flow.  This make the effect of 

cross-flow on jet impingements from AR=8 are prominent than those the case of AR=4. 

For the case of jet row, it was found that the impingement regions 

corresponding to the areas of high heat transfer become smaller when compare with the case 

of single jet. This is due to the jet row is confined by adjacent jets. The effect of elongated 

orifice arrangement was found that the heat transfer rate of (3) counter-divergent 

configuration is higher than the others; (1) parallel and (2) counter-convergent configurations.  

For the case of jet impingement array, it was found that the heat transfer rate 

of jet with inline arrangement is higher than those the staggered one. The cross-flow can 

easily pass through the gaps between the rows of inline jets, whereas it appears to be directly 

blocked by the downstream jet for the case of staggered arrangement. The jet impingement 

from elongated orifice with AR=4 at θ=0o can minimize the effect of cross-flow and can 

increase the heat transfer rate for both inline and staggered arrangement. When compaire with 

those the case of AR=8 at θ=0o, it can decrease the effect of cross-flow and can enhance the 

heat transfer particularly for the inline arrangement. The effect of attacking angle for 

impingement array was found that the increasing of the attacking angle case to slightly 

increase the heat transfer rate particularly for the upstream region. For the downstream region, 

the heat transfer rate decreases greatly.  
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h    Average convective heat transfer coefficient (W/m2  oC) 

ch   Average natural heat transfer coefficient (W/m2  oC) 

I     Electrical current (A) 

k      Conductivity of jet (W/m  oC) 

L  Orifice length (mm) 

Nu  Nusselt number (-) 

Nu   Average Nusselt number (-) 

inputQ       Heat transfer rate from power supply (W) 

lossesQ   Heat losses from heated wall to environment (W) 

inputq   Heat flux dissipated on stainless steel foil (W/m2) 

rq   Heat flux by radiation (W/m2) 

cq   Heat flux by natural convection (W/m2) 

R   Electrical resistance of stainless steel foil (Ω) 

Re  Reynolds number (-) 

S   Jet-to-jet distance (D) 

Tj    Jet temperature (oC) 

Ts    Surrounding temperature (oC) 

wT    Wall temperature (oC) 

wT   Average wall temperature (oC) 

VR  Velocity ratio, jet velocity/cross-flow velocity (-) 

W  Orifice Width (mm) 
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List of Abbreviations and Symbols (Cont.) 

List of Symbols 

TLC    The emissive coefficient of the TLC sheet (-) 

θ  Attacking angle, angle of the cross-flow streamwise to the major axis of  

the elongated orifice (o) 

    The Stefan-Boltzman constant (W/m2 K4) 
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1. Introduction 

Jet impingement is a high-performance technique for heat transfer 

enhancement in thermal equipment. It has also been used in industrial processes for heating, 

cooling and drying. Since the heat transfer rate is very high at the area where the jet directly 

impinges on, it provides rapid cooling or heating on the local heat transfer area. However, 

many thermal industrial applications have large surface area of heat transfer such as 

combustor chamber wall and gas turbine blade cooling, steel and glass quenching, and textile 

and paper drying. When high and uniform heat transfer rate is required over the entire 

surfaces, multiple impinging jets or array of impinging jets are applied [1-5].  

 

Cross-flow direction

Upstream Downstream 

 

Fig.1. Flow characteristics of jet impingement array in confined channel [6] 

 

An important factor affecting on flow and heat transfer characteristics of 

multiple impinging jets in a confined space is the cross-flow. Cross-flow is defined as fluid 

flow in the perpendicular direction to the jet impingement flow. In the case of multiple 

impinging jets in a confined space, the spent jet is accumulated from upstream to the 

downstream end of the channel as shown in Fig.1. The flow rate or velocity of the cross-flow 

is thus increased from upstream to the downstream of the channel. Consequently, downstream 

jets tend to deflect to cross-flow dirction and impinge weakly on impinged surface due to 

significant cross-flow effect, and their heat transfers are significantly reduced by the cross-

flow [6].  

To enhance the heat transfer by reducing effect of cross-flow on jet 

impingement flow is very important. In more recent works, drilling of effusion holes, on the 

upper surface (nozzle plate) [7, 8], and at the lower surface (impingement surface) [9], in 

confined channel to eliminate the cross-flow has been attempted. In this work, to reduce the 

interaction area between impingement flow and cross-flow by modified orifice geometry from 

conventional round to elongated orifices as shown in Fig.2. 

In addition, another approach to enhance the heat transfer rate is to produce 

longitudinal vortices near the inclined rectangular blocks mounted on a smooth surface [10, 

11]. To apply the inclination interaction between the cross-flow and the jet issuing from the 
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elongated orifice, the attacking angle, defined as the major axis of the elongated orifice to the 

cross-flow direction, should be examined. 

 

(a) Round geometry (b) Elongated round geometry

Cross-flow

Large interaction area Small interaction area

 

Fig.2. Interaction of cross-flow through round and elongated round geometries 

 

2. Objectives  

The aim of this research is to enhance the heat transfer on the impinged 

surface by reducing the effect of cross-flow. The round orifice (AR=1) was replaced by 

elongated orifices with a ratio of orifice length to orifice width, AR=4 and 8 in based on 

identical exit area. Attacking angles, defined as the major axis of elongated orifice to the 

cross-flow direction, at θ=0o, 15o, 30o and 45o were also studied experimentally and 

numerically. A jet-to-plate distance is two times of the round orifice diameter. The research 

was categorized by three parts; the first and second parts are focused on a single and a row of 

impinging jet(s) under simulated cross-flow. Velocity ratios (cross-flow velocity/jet velocity) 

were varied at VR=3, 5 and 7 in these sections. For the third one, the elongated orifices were 

applied under impingement array that arrange with inline and staggered nozzle 

configurations. The Reynolds number was also varied in this section at Re=5,000, 7,500 and 

13,400.  

 

3. Experimental model, parameters and apparatus 

3.1 Experimental model 

 Experimental models are categorized with three parts; the single jet and the 

row of jets impinging on the inner side of rectangular wind tunnel under simulated crossflow 

as shown in Fig.3, and array of impinging jets with inline and staggered arrangement as 

shown in Fig.4. The jets discharging from round orifices impinge on target surface. For the 

single impinging jet and the row of impinging jets, the cross-flow was simulated by 

introducing are thorough the test section. For the case of impingement array, the crossflow is 

generated by accumulation of spent jet (jet after impingement) at the upstream side that flows 
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out to the exit at the other end of the duct as shown in Fig.4(a). The arrays of jet 

configuration, both for the inline and staggered arrangements, consist of 24 jet holes 

distributed in 6 columns and 4 rows as shown in Fig.4(b) and (c). 

 

 

  (a) Side view 
 

                   

                   (b) Top view for single jet               (c) Top view for row of jets 

Fig.3. Experimental model for single impinging jet and row of impinging jets 

 

 

  (a) Side view 
 

                   

     (b) Top view for inline arrangement                   (c) Top view for staggered arrangement 

Fig.4. Experimental model for array of impinging jets 

3.2 Experimental parameters 

All orifices having AR=1, 4 and 8 have the same exit area of 136.8 mm2, and 

each round orifice has an equivalent diameter (DE) of 13.2 mm, as shown in Fig.5. The 
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attacking angle, defined as the angle between the major axis of the elongated orifice to the 

cross-flow direction (X-axis), was varied at θ=0o, 15o, 30o and 45o, as shown also in Fig.5. 

The jet-to-plate distance was fixed at H=2DE. For the single and the row of impinging jets, the 

jet velocity was fixed corresponding to Re=13,400, and cross-flow velocity was varied 

corresponding to velocity ratios (jet velocity/cross-flow velocity) VR=3, 5 and 7. In the case 

of impingement array, both arrangements have constant jet-to-jet distance of S=3DE. The 

experiments were carried out at jet Reynolds number of Re=5,000, 7,500 and 13,400. In 

addition, for the case of row of impinging jets, elongated orifices were arranged with parallel, 

counter-convergent and counter-divergent configurations as shown in Fig.6.   

 

AR=1 AR=4 AR=8

DE

θθ

AR=1 DE=13.2 mm

AR=4 L= 24  mm W = 6  mm

AR=4 L= 33.6 mm W = 4.2  mm

Attacking angle θ=0o, 15o, 30o and  45o

 

Fig.5. The details of orifice geometries with identical cross-section area and attacking angle 
 

 

Fig.6. Configuration of elongated orifice for row of impinging jets 
 

3.3 Experimental setup 

A schematic diagram of the experimental apparatus is shown in Fig.7 and 8. 

For the single and the row of impinging jets as shown in Fig.7, air was introduced through the 

inlet chamber of wind tunnel, flow straightener, two layers of mesh plates, the test section and 

a chamber outlet by using a 3-HP blower. The cross-section of wind tunnel was with height of 

26.4 mm (2D) and width of 300 mm. The length of calming section of wind tunnel was 200 
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cm which is sufficient to achieve fully developed flow in the test section. A Pitot-static tube 

was located upstream of the test section to measure a cross-flow velocity at the center of 

channel. The inlet temperatures of jets and cross-flow were kept constant by a temperature 

and power controller.  

For jet supplier, the apparatus of single, row and array of impinging jets can 

be used together. The 3-HP blower was used to introduce air through a temperature controlled 

chamber equipped with 2-kW heater, a calibrated orifice flow meter, a jet chamber (constant 

cross-section of 360-mm × 360-mm and a height of 850-mm), and a jet orifice before entering 

the test section. The jet chamber is equipped with two layers of perforated plates and two 

layers of mesh plates to achieve uniform flow field approaching the orifice plate. 

 

 

Fig.7. Schematic diagram of the experimental setup for single impinging jet and row of 

impinging jets 

 

 

Fig.8. Schematic diagram of the experimental setup for array of impinging jets 
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4. Method  

4.1 Heat transfer measurement 

The test section was directly mounted to the jet chamber as shown in Fig.9. 

Air with constant temperature is discharged through the orifice plate and impinges upon the 

heat transfer surface. The heat transfer surface, made of stainless steel foil (30 µm thick), is 

attached with the Thermochromic Liquid Crystal sheet (TLCs, Omega, LCS-95, U.S.A.) on 

the rear side of the impingement surface. The stainless steel foil is stretched between couple 

of copper bus bars. The heat transfer surface is heated by a DC power supply that can supply 

electrical current up to 50 A through the copper bus bars. Electrical energy dissipated in the 

stainless steel foil can be calculated from: 

                                   RIQ 2
input         (1) 

where I  is the electrical current, and R  is the electrical resistance of the stainless steel foil.  

The local heat transfer coefficient by forced convection of the jet, h, can be 

evaluated from:  

         
jw

crinput

jw

lossesinput

TT

qqq

TTA

QQ
h











)(
      (2) 

where A is area of stainless steel foil, )( 44

swTLCr TTq   and )( swcc TThq 
 
are the heat 

losses to the environment by radiation and free convection, respectively, wT  and jT  are the 

average wall temperature and jet temperature,   is the Stefan-Boltzman constant 

(=5.670×10-8 J/K), TLC  is the emissive coefficient of the TLC sheet (=0.9), sT  is the 

surrounding temperature, and 
ch  is the average natural heat transfer coefficient calculated 

from natural convective heat transfer from the heat transfer surface to the surrounding. 

The wall temperature ( wT ) on the impingement surface was measured using 

the TLCs attached at the rear side of the jet impingement surface. A digital camera was used 

to capture color on the TLCs under manual brightness mode. Images of color pattern on the 

TLCs were converted from RGB (Red, Green and Blue) system to HSI (Hue, Saturation, and 

Intensity) system. The Hue (H) value was provided to correlate color of the TLCs to the 

temperature. The TLCs was calibrated under the same conditions of the experimental runs. 

The local Nusselt number can be calculated from: 

                
k

hD
Nu            (3) 

where D is the round orifice diameter, and k is the jet thermal conductivity. 

The average Nusselt number can be calculated from: 
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k

Dh
Nu         (4) 

where h  is the average heat transfer coefficient, calculated from Equation (2) by replacing 

wT  with the average temperature on the impingement surface, wT . 

 

 

Fig.9. Test section of heat transfer measurement 
 

4.2 Flow visualization on the impinged surface  

The flow pattern on the impinged surface was visualized by using oil film 

technique. The oil was mixed with 7 g of liquid paraffin, 3.5 g of titanium dioxide and 1.8 g 

of oleic acid. The transparent plastic plate was uniformly painted with the oil under the same 

film thickness was employed to represent the impinged surface. During the experiment, the 

oil film pattern on the impinged surface was recorded using video camera.  

4.3 Numerical simulation  

A 3-D numerical simulation with the ANSYS Fluent 13.0 was employed to 

investigate the flow characteristics of the jets and the cross-flow. The calculation based on 

finite volume method was adopted to solve governing differential equations with boundary 

conditions. A numerical model was identically created to the experimental model. A 

turbulence model with SST was applied due to high accurate prediction in impingement 

problems and moderate computational cost [12-14]. This turbulent model has also been 

employed to accurately predict a flow and heat transfer characteristics of impinging jet under 

the cross-flow [14 and 15]. 

The generated grid system was even rectangular, and the elements were 

concentrated near the wall of wind tunnel and mixing region. The boundary conditions were 

identically specified to experimental conditions. A solution method was based on SIMPLE 

algorithm with second order upwind for all spatial discretization. The solution was considered 
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to be converged when the normalized residual of the algebraic equation was less than a 

prescribed value of 1.0E-5 [15 and 16]. 

 

5. Results and discussion 

5.1 A single impinging jet under simulated cross-flow  

In the beginning of this section, flow and heat transfer characteristics for the 

case of single jet with AR=1 will be explained, and heat transfer characteristic for AR=4 and 8 

will be briefly discussed. More details of this section have been written in publication as 

attached in Appendix A.  

 5.1.1 Flow and heat transfer characteristics for AR=1 

Flow and heat transfer charateristics of single impinging jet with AR=1 under 

simulated cross-flow are shown in Fig.10-13. The velocity vectors and velocity contours in Y-

component on Z-X plane at 1.5-mm above the impinged surface are shown in Fig.10. The Y-

component velocity represents the velocity in direction normal to the impinged surface. The 

positive velocity of the downstream jet, indicates that the jet impinges on the wall. When the 

cross-flow velocity increases, the impingement region shifts downstream, especially, at the 

highest cross-flow velocity (Fig.10(c)). This is due to the significant jet deflection caused by 

the cross-flow. 

The turbulence kinetic energy contours on Z-X plane at 1.5-mm above the 

impinged surface are shown in Fig.11. At low cross-flow velocity (VR=7) as shown in 

Fig.11(a), the regions with high turbulance kinetic energy are detected in both upstream and 

downstream wall jets, and the high intensity region of the upstream wall jet is larger than that 

of the downstream one. In addition, the turbulance kinetic energy at stagnation region is very 

low which is similar to that found in a common impinging jet without  cross-flow. As the 

cross-flow velocity increases, the region with high turbulance kinetic energy of upstream wall 

jet shifts downstream, and the region with low turbulance kinetic energy at stagnation region 

bocomes smaller. 
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Fig.10. Velocity vectors and Y-component velocity contours on Z-X plane at 1.5-mm above 

the impinged surface  (CFD result, the marked circles represent the position of the orifice) 
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Fig.11. Contours of turbulence kinetic energy on Z-X plane at 1.5-mm above the impinged 

surface (CFD result, the marked circles represent the position of the orifice) 
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Fig.12. Flow characteristics on the impinged surface (Experimental result)  
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Fig.13. Nusselt number distributions on the impinged surface (Experimental result,   

Tj=27 oC, Rej =13,400). 



10  
 

0

50

100

150

200

250

-2 -1 0 1 2 3 4 5 6

N
us

se
lt 

nu
m

b
er

X/D

  VR=7

  VR=5

  VR=3

 

Fig.14. Nusselt number distribution along the crossflow direction (Z/D=0, Tj=27oC and 

Rej=13,400) 
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Fig.15. (a) Y-component velocity contours and (b) turbulence kinetic energy at 1.5-mm above 

the impinged surface (CFD result) 

 

The flow visualization on the impinged surface by oil film technique is 

shown in Fig.12(a-c). The black area is an impinged surface where an oil film removed while 

the white area is a remaining oil film. A white point surrounded by black areas represents the 

stagnation point of the impinging jet bounded by the impingement region. The visualization 

shows that the upstream impingement region (X/D<0) and both lateral sides (±Z/D) are 

contracted while the downstream impingement area is elongated as cross-flow velocity 

increases. 

The Nusselt number distribution along the cross-flow direction at Z/D=0, is 

shown in Fig.14. The upstream Nusselt number (X/D<0) becomes lower when cross-flow 

velocity increases. This corresponds to the contraction of the upstream impinged area as 
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shown in Fig.12. In contrast, the downstream Nusselt number  (X/D>0) becomes higher when 

the cross-flow velocity increases. At VR=3, the downstream Nusselt number for 2<X/D<3 is 

conspicuously enhanced, due to the high turbulance kinetic energy of the range as revealed in 

Fig.15(b). In additon, the Nusselt number peak of the stagnation region increases with 

increasing cross-flow velocity. The highest Nusselt number peak takes place at VR=3 and 

X/D=0.2, as a result of the optimum synergy between the Y-component velocity and the 

turbulence kinetic energy. As shown in Fig.15, at X/D=0.2, the jet and crosss-flow with VR=3 

offer the peak of turbulence kinetic energy coupled with the moderate Y-component velocity. 

However, for VR=3, at X/D=-0.8 or 1.8, the peak of turbulence kinetic energy takes place 

with a low Y-component velocity, resulting in a low Nusselt number. The lower Nusselt 

number peak at VR=5 and 7 as compared to that at VR=3 can be explained by the same fact. 

 The results in the present work reveal that at the low jet-to-plate distance 

(2D), the increase of cross-flow velocity corresponding to the decrease of VR from 7 to 3, 

result in the increase of Nusselt number peak of the stagnation area. This is different from that 

found at large jet-to-plate distance (≥3D). In the latter case, Nusselt number peak of the 

stagnation area dereases as cross-flow velocity increases due to the large colliding area 

between cross-flow and jet impingement [4, 17]. 

5.1.2 Heat transfer characteristics for AR=4 and 8 

The effects of orifice geometry, attacking angle and cross-flow velocity on 

local heat transfer distribution on impingement surface of single jet are shown in Fig.16. 

Generally, the Nusselt number is high at impingement regions and low at upstream regions. 

These areas of high Nusselt number are more contracted along upstream direction (-X axis) 

and more extended along downstream one (X axis) when the cross-flow velocity increases. 

The areas of high Nusselt number, in addition, are more obliquely extended along +Z axis 

when the attacking angle is larger. 

The Nussselt number at stagnation region of AR=4 and 8 at θ=0o (Fig.16(d)-

(f) and (m)-(o)) are higher than those AR=1 (Fig.16(a)-(c)) under the same VR. These results 

show that the jet dicharging from elongated orifice with θ=0o can minimize the cross-flow 

effect. However, for the case of θ>0o, these area of high Nusselt number along upstream 

direction are contracted, especially, for the case of large attacking angle (θ=30o) and high 

cross-flow velocity (VR=3) and longer orifice shape (AR=8) as shown in Fig.16(u). 

The areas of high Nusselt number are extended in the X-axis and obliquely extended 

in the +Z-axis when the attacking angle becomes larger. The extension of impingement 

regions in the X-axis is from the effect of cross-flow, and the oblique extension of these 
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regions in the +Z-axis is from the effect of attacking angle. More the detail of flow and heat 

transfer characteristics of this section will be concisely discussed in the row jet section. 
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Fig.16. Nusselt number distributions on the impinged surface for the single jet (Experimental 
result, Tj=27oC, Rej =13,400). 
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Fig.17. Average Nusselt number on the impinged surface for the single jet (Experimental 

result, Tj=27 oC, Rej =13,400). 

5.1.3 The average Nusselt number 

The variations of average Nusselt number calculated from the large heat 

transfer area, -1.6<X/D<6.4, -3.2<Z/D<3.2,  and the small one, -1<X/D<1.5, -1<Z/D<1, are 

shown in Fig.17(a) and Fig.17(b), respectively. For the large heat transfer area (Fig.17(a)), the 

average Nusselt number in the case of AR=1 is higher than the others at any VR. When 

consider the small heat transfer area as shown in Fig.17(b), it was found that the average 

values of some parameters of the elongated orifice are higher than those the case of round 

orifice. This was shown that the jet from the elongated orifice can increase heat transfer rate 

particularly in the stagnation region; the heat transfer at around stagnation region can not be 

increased. However, when elongated orifice is applied on multiple of impinging jets, the area 

around stagnation is confined by nearby jet. The heat transfer surface will be concentrated by 

the enhancement heat transfer area in stagnation region corresponding to number of the 

impinging jet. This matter will be shown in the section of multiple impingement.         

5.2 A row of Impinging jets under simulated cross-flow 

In this section, flow and heat transfer characteristics for the case of row of 

jets with AR=1 will be initially explained, and the ones with AR=4 and 8 will be latterly 

discussed. More details of this section have been written in publication as attached in 

Appendix B.  

5.2.1 Flow and heat transfer characteristics for AR=1 

The effect of cross-flow velocity on flow and heat transfer charateristics of 

AR=1 are shown in Fig.18-20. The Nusselt number distributions on impinged surface as 

shown in Fig.20 coincide with flow patterns and Y-component velocity contours on the 

impinged surface as shown in Fig.18 and 19. As cross-flow velocity increaed (VR decreased), 
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the area with high Nusselt number (corresponding to black area of oil film pattern and high 

Y-component velocity) shifted downstream. It should be mentioned that Nusselt number was 

also high in the middle between the adjacent impingement regions. This location corresponds 

to the area in which oil film was removed in Fig.18, where Y-component velocity was 

negative in Fig.19. The flow and heat transfer characteristics of this row of impinging jet are 

similar to those single impinging jet, but the areas of high Nusselt number (corresponding to 

black area of oil film pattern and high Y-component velocity) are getting smaller due to 

confinement of adjacent jets. 

 

 

Fig.18. Flow patterns on the impinged surface for AR=1 (Experimental result) 

 

 

Fig.19. Velocity vectors and Y-component velocity contours on X-Z plane for AR=1 (CFD 

result, above from target surface of 1.5-mm) 

 

 

Fig.20. Nusselt distributions on the impinged surface for AR=1 (Experimental result) 
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5.2.2 Flow and heat transfer characteristics for AR=4 and 8 

The effect of orifice geometry and arrangement on local Nusselt number 

distributions on the impingement surface are shown in Fig.21. Areas of high Nusselt number 

of AR=1 are more shifted to downstream directions when cross-flow velocity increases as 

shown in Fig.21(a)-(c). For the case of AR=4 and 8 with θ=0o as shown in Fig.21(d)-(f) and 

(p)-(r), the shifting of areas of high Nusselt number to downstream direction at high cross-

flow velocity are minimized when compare with the case of AR=1. This is due to jets from 

elongated orifices can more penetrate into the cross-flow. 

When compare the effect of orifice arrangement, it is found that the area of 

high Nusselt number are obliquely shifted in spanwise diretion (±Z-axis) depending on the 

direction of orifice arrangement. In the case of parallel orifice configuration as shown in 

Fig.21(g)-(i) and (s)-(u), the area of high Nusselt number are obliquely shifted in +Z-axis. For 

the case of counter-convergent orifice configuration as shown in Fig.21(j)-(l) and (v)-(x), the 

areas of high Nusselt number shift separately in Z-axis while they shift combinely in Z-axis 

for the case of counter-divergent orifice configuration as shown in Fig.21(m)-(o) and (y)-(a1). 

These characteristics of Nusselt number distributions are corresponding to the deflections of 

impinging jets in Z-axis as shown in Fig.22. In addition, the shifting of these areas along X- 

and Z-axes are larger when the the cross-flow velocity increases. 

5.2.3 The average Nusselt number 

The average Nusselt numbers on the impingement surface versus the 

attacking angle are shown in Fig.23. Almost all average values for AR=4 is higher than those 

the case of AR=8. For the case of high cross-flow velocity, VR=3, the average Nusselt number 

is decreased when the attacking angle increases. This average values of AR=4 with counter-

divergent orifice configuration for VR=5 and 7 are slighty increased when attacking angle 

increases from θ=15o to θ=30o. For the other cases, the average values are decreaesed when 

attacking angle increase. 

When compare the effect of orifice configurations, almost all average values 

of counter-divergent orifice configuration is higher than those the others. This can be noted 

that the higher heat transfer for the case of counter-divergent orifice configuration is from 

enhancement local heat transfer along orifice interval due to inclination interaction of both 

adjacent wall jets.  

 



16  
 

0

1

2

3

-1

-2

-3
Z

/D 0

2

3

0

2

3

0

1

2

3

-1

-2

-3

Z
/D

0

1

2

3

-1

-2

-3

Z
/D

0

1

2

3

-1

-2

-3

Z
/D

Nu

40

220

180

140

100

60

VR=3

(c)

(u)

VR=5

(b)

(t)

VR=7

(a)

(s)

A
R

=
1

A
R

=
4

, θ
=

3
0o

P
a

ra
lle

l

0

1

2

3

-1

-2

-3

Z
/D 0

3

2

3
(f)(e)(d)

A
R

=
4

, θ
=

0
o

(i)(h)(g)

0

1

2

3

-1

-2

-3

Z
/D

(l)(k)(j)

0

1

2

3

-1

-2

-3

Z
/D

(o)(n)(m)

(r)(q)(p)

0

1

2

3

-1

-2

-3

Z
/D

(x)(w)(v)

A
R

=
4

, θ
=

3
0o

C
o

n
ve

rg
en

t
A

R
=

4
, θ

=
30

o

D
iv

e
rg

e
n

t
A

R
=

8
, θ

=
0o

A
R

=
8

, θ
=

30
o

C
o

nv
e

rg
e

n
t

A
R

=
8

, θ
=

3
0o

C
o

nv
e

rg
en

t

0

1

2

3

-1

-2

-3

Z
/D

0 1 2 3 4-1-2
X/D

5 6 7 8-3 0 1 2 3 4-1-2
X/D

5 6 7 8-3 0 1 2 3 4-1-2
X/D

5 6 7 8-3

A
R

=
8

, θ
=

3
0o

D
iv

er
ge

n
t (a1)(z)(y)

 

Fig.21. Nusselt distributions on the impinged surface of row of impinging jets (Experimental 
result) 
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Fig.22. Vectors and contours of velocity in Y-Z plane at X/D=0.25 for VR=3. 
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Fig.23. Average Nusselt number (Experimental result). 
 

5.3 Jet impingement array 

 In this section, flow and heat transfer characteristics for the case of array of 

impinging jet will be briefly discussed. To easily understand, the results of AR=1, 4 and 8 at 

θ=0o for both inline and staggered arrangement will be firstly explained, and the results with 
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the same parameters at θ>0o will be secondly clarified. More discussion of this section has 

been written in publication as attached in Appendix C.  

Flow patterns on the impingement surface are shown in Fig.24 and 25, and velocity 

vector and contour in the Y-axis on Z-X plane near the impingement surface (1 mm above the 

surface) are shown in Fig.26 and 27. The Nusselt number distributions on the impingement 

surface are shown in Fig.32 and 33. These contours of Nusselt number agree well with the oil 

film patterns on the impingement surface, as well as the contours of Y-component velocity 

near the impingement surface. Areas of high Nusselt number (Nu>180) are impingement 

regions that relate to the black area of flow patterns and high Y-component velocity in flow 

fields. This good agreement can be correspondingly used to explain the characteristics of jets 

flow from the CFD results on the flow and heat transfer behavior from the experiment. 

5.3.1 Flow and heat transfer characteristics for AR=1, 4 and 8 with θ=0o 

To preliminarily discuss in this sub-section at θ=0o, Fig.24(a)-(c), Fig.25(a)-

(c), Fig.26(a)-(c) and Fig.27(a)-(c) will be presented for flow patterns, and the Fig.32(a)-(c) 

and Fig.33(a)-(c) will be presented for heat transfer characteristics.  

Flow characteristics; for both inline and staggered arrangements of AR=1 as 

shown in Fig.24(a) and Fig.25(a), the impingement area of each cell are shifted to 

downstream direction due to the effect of cross-flow. This cross-flow effect on jet 

impingements with inline arrangement is less significant than on the ones with the staggered 

arrangement by notifying cancellation of the impingements at downstream region 

(13<X/D<20). This flow characteristic can be explained that the cross-flow can easily pass 

through space between rows of inline jets, whereas it was blocked by downstream jets in the 

case of staggered arrangement (more discussion in Appendix C3). It can be seen that there 

are no impingement regions (Black areas) at the last jet column in Fig.24(a) and no areas of 

high Y-component velocity contour at the same jet column as shown in Fig.26(a). It can also 

be observed that the deflection of downstream impinging jets with staggered arrangement as 

shown in Fig.29(a) is stronger than those with the inline one as shown in Fig.28(a).      
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Fig.24. Flow patterns on the impingement surface with oil film technique for the inline 

arrangement and Re=13,400 (Experimental results). 
 

 

Fig.25. Flow patterns on the impingement surface with oil film technique for the staggered 

arrangement and Re=13,400 (Experimental results). 
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Fig.26. Flow characteristic of impinging jets on Z-X plane above the impingement surface of 

1 mm for the in-line arrangement and Re=13,400 (CFD results). 

 

 

Fig.27. Flow characteristic of impinging jets on Z-X plane above the impingement surface of 

1 mm for the staggered arrangement and Re=13,400 (CFD results). 
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In the case of orifice with AR=4 and 8 at θ=0o, it is found that the cross-flow 

effect can be minimized by these elongated orifices for the inline arrangement, notified by 

getting the larger impingement region  of AR=4 and 8 (black region in Fig.24(b) and (c)) than 

those the AR=1 (Fig.24(a)). For the case of staggered arrangement, the impingement region 

(Black region) at downstream region (10<X/D<20) of AR=8 (Fig.25(c)) is larger than that 

AR=1 (Fig.25(a)), but it seem to be smaller comparing to those AR=4 (Fig.25(b)). This is due 

to the jet issuing from elongated orifice with AR=8 producing the longer circumference as 

well as increasing contact area to mix with the cross-flow. It can also be observed that the Y-

component velocity areas at the downstream direction of AR=8 (Fig.27(c)) are smaller than 

that the AR=4 (Fig.27(b)) and larger than those AR=1(Fig.27(a)). Corresponding to preceding 

paragraph, with the case of θ=0o, the use of jet with AR=4 and inline arrangement can be 

minimized the cross-flow effect. More details of this section have been intensely discussed in 

Appendix C4. 

Heat tranfer characteristics; The Nusselt number distribution on the 

impingement surface for  AR=1, 4 and 8 at θ=0o with Re=13,400 for both jet arrangements are 

shown in Fig.32(a)-(c) and Fig.33(a)-(c). Generally, the heat transfer rates of impinging jets 

for AR=4 and 8 at θ=0o are higher than those for AR=1, and the areas of high heat transfer are 

shifted further downstream. Apparently, Nusselt number associated by the jets with an inline 

arrangement are less significantly affected by the cross-flow than those with staggered 

arrangement indicated by a more uniform Nusselt number distribution on the impinged 

surface. For the inline jet arrays at all AR, Nusselt number of downstream jets is just slightly 

decreased compared to those of the upstream ones. On the other hand, for the staggered jet 

arrays with AR=1 and 8, Nusselt number is dramatically changed with increasing axial 

distance (X/D). Only at AR=4, Nusselt number is gradually decreased along the axial 

direction.  
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Fig.28. Flow characteristic of impinging jets on X-Y plane at Z=1.5DE for the in-line 

arrangement and Re=13,400 (CFD results, Numbers in marked circle indicate the jet column 

order). 
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Fig.29. Flow characteristic of impinging jets on X-Y plane at Z=-0.75DE for the staggered 

arrangement and Re=13,400 (CFD results, Numbers in marked circle indicate the jet column 

order). 
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Fig.30. Flow characteristic of impinging jets on Y-Z plane for AR=4, θ=45o, and Re=13,400 

(CFD results). 

 

 

Fig.31. Sketch of the cross-flow through difference of attacking angle. 

 

5.3.2 Flow and heat transfer characteristics for AR=1, 4 and 8 with 

attacking angle 

Flow characteristics; flow characteristics for the case of AR=4 with θ=15o 

for the inline arrangement as shown in Fig.24(d), the impingement region of each cell is 

directly extended in the X-axis and obliquely extended in the Z-axis. In addition, each 

impingement cell is more obliquely extended in the +Z-axis and contracted in the -Z-axis 

when the attacking angle becomes larger, at θ=30o and 45o as shown in Fig.24(f) and (h). This 

is different from those with AR=4 at θ=0o, that the impingement regions are particularly 

extended in the X-axis (without extending into the +Z-axis) as shown in Fig.24(b).  

The extension of the impingement regions to the downstream direction is 

from the cross-flow effect. It can be observed from Fig.28 and 29 that the downstream 

impinging jets (jet columns No.4 to 6) are more deflect to cross-flow part line than that the 
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upstream jets (jet columns No.1 to 3). The oblique extension of impingement region to the +Z 

direction is from the attacking angle effect as shown in Fig.30. The jets are deflected in the 

+Z direction along the orifice configurations. This deflection is stronger when location of jets 

is far from the first jet column. Moreover, the deflection of jets with staggered arrangement is 

larger than the one with inline that will be discussed in the next section.  

For the case with AR=8 at θ=15o with the inline arrangement as shown in Fig. 

24(e), the characteristics of flow patterns of the jets is similar to the case with AR=4 under the 

same attacking angle mentioned above. However, when the attacking angle becomes θ=30o 

and 45o, the impingement regions at 4<X/D<20 seem to be getting smaller as shown in Fig. 

24(g) and (i). For the case of the largest attacking angle, θ=45o, particularly, there is no 

impingement area in the downstream region (13<X/D<20) because the high cross-flow 

velocity strikes on the jet flow with the large attacking area. This can be observed in Fig.28(e) 

for the case of AR=8 at θ=45o that the downstream impinging jets (columns 5 and 6) tend to 

deflect to  cross-flow part line with slightly impinging on the target surface. 

When the inline and staggered arrangements are compared, it is found that  

the impingement regions for the inline arrangement can be seen throughout the streamwise 

direction (except for the case of AR=8 at θ=30o and 45o). This flow characteristics are similar 

to the case of staggered arrangment for AR=4 at θ=0o, θ=15o, θ=30o (Fig.25(b), (d) and (f)) 

and AR=8 at θ=0o (Fig.25(c)). However, for the others, they are unclearly expressed at the 

downtream area (10<X/D<20). The absence of the impingement regions corresponds to the 

stronger deflection of the downtream jet with staggered arrangement as compared at the same 

conditions between  Fig.28 and 29. 

Results show that the attacking angle has significant effects on the impinging 

jet array of the elongated orifice as schematically sketched in Fig.31. For the case of attacking 

angle θ=0o, the cross-flow strikes on the jet issuing from the elongated orifice with the small 

attacking area as dipicted in Fig.31(a). This attacking area becomes larger when the attacking 

angle is increased, as shown in Fig.31(b) and (c). Moreover, the attacking angle effect for the 

case of AR=8 is more prominent than for the case of AR=4 due to the longer perimeter of 

AR=8. Consequently, the deflection of jet from the orifice with AR=8 is larger than the case of 

AR=4 as mentioned above. 
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Fig.32. Nusselt number distributions on the impingement surface for the inline arrangement 

and Re=13,400 (Experimental results, Tj=27oC). 

 

 

Fig.33. Nusselt number distributions on the impingement surface for the staggered 

arrangement and Re=13,400 (Experimental results, Tj=27oC). 
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Heat tranfer characteristics; the characteristics of Nusselt number 

distributions for the case of a small attacking angle, θ=15o (Fig.32(d), (e) and Fig.33(d), (e)), 

is comparable to those with the attacking angle of θ=0o (Fig.32(b), (c) and Fig.33(b), (c)), but 

the heat transfer characteristic is quite different from the case of large attacking angles at 

θ=30o and 45o (Fig.32(f)-(i) and Fig.33(f)-(i)). The Nusselt number in the downstream region 

(10<X/D<20) of both jet arrangements abruptly decreases when the attacking angle is larger 

due to increasing attacking area between the cross-flow and the impinging jets, as discussed 

earlier on the jet flow characteristics.  

Indeed, the areas of high Nusselt number (Nu>180) in each impingement cell 

are extended in the X-axis and obliquely extended in the +Z-axis when the attacking angle is 

larger. This corresponds well to those impingement regions on the surface as shown before in 

Fig.24 and 25 by oil film technique, and in Fig.26 and 27 by CFD. The extension of these 

high value areas in the X-axis is from the effect of cross-flow shown earlier in Fig.28 and 29, 

and the oblique extension of these areas in the +Z-axis is from the effect of attacking angle as 

previously illustrated in Fig.30.   

From Fig.33, the area of high Nusselt number (corresponding to impingement 

regions) of each impingement cell for inline arrangement with AR=4 and 8 at θ=0o and 15o is 

rather uniformly distributed from upstream to downstream direction. These areas become 

smaller when the attacking angle become larger to be θ=30o and 45o. Especially for the case 

of AR=8 and θ=45o, there are no impingement region for the last jet column as shown in 

Fig.33(i). This is due to large blocked area from the long circumference of orifice with AR=8 

and the large attacking angle at significant cross-flow effect at downstream direction as earlier 

discussion in flow characteristics. These area becoming smaller at downstream direction is 

clearly seen for the case of staggered arrangement as shown in Fig.33 accept for AR=4 with 

θ=0o and 15o as shown in Fig.33(b) and (d). The distribution of area of high Nusselt number is 

rather consistent from upstream to downstream direction. This is shown that the jet from 

AR=4 can be minimized the effect of cross-flow batter than that AR=8.   
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Fig.34. Spanwise average Nusselt number distribution along the cross-flow direction  

(Experimental results, Tj = 26.7oC and numbers in marked circle indicate the jet column 

order). 

 

5.3.3 Spanwise average Nusselt number 

Distributions of the spanwise average Nusselt number along the downstream 

direction for the case of Re=5,000, 7,500 and 13,400 are shown in Fig.34. Each value in this 

case is calculated from the local heat transfer coefficient, which in turn is dependent on the 
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average local wall temperatures taken in the range of -3<Z/D<3. Generally, decreasing 

Reynolds number, the value gets smaller while its distribution characteristics slighly change. 

Each distribution and its peak value at a particular X/D location for the case of attacking 

angle at θ=0o and θ=15o is quite similar and consistent compared to other spanwise locations, 

as shown in Fig.34(b)-(e). But, the peak value seems to be dramatically decreased when the 

attacking angle becomes larger at θ=30o and 45o towards the downstream region 

(10<X/D<20), as shown in Fig.34(f)-(i). In the particular case of AR=8 at θ=45o (Fig.34(i)), 

the distributions in this region become rather flat, especially for Re=7,500 and 5,000 for both 

jet arrangements. This relates to those the cancelation of impingement of downstream jets as 

early shown in Fig.30(e). 

Almost all of the spanwise average Nusselt number for the inline 

arrangement is higher than those of the staggered arrangement except their peak values at jet 

column 3 and 4 for AR=4 at θ=30o (Fig.34(f)), and jet column 2 and 3 for AR=8 at θ=30o (Fig. 

34(g)), and AR=4 and 8 at θ=45o (Fig.34(h) and (i)). This is due to the high local Nusselt 

number at their impingement regions resulting from the effects of jet arrangement and 

attacking angle at upstream region that the cross-flow effect is low. 

 

5.3.4 The average Nusselt number 

The average Nusselt number on the impingement surface calculated from the 

average local wall temperature in area of 0.5<X/D<20 and -3<Z/D<3 versus the attacking 

angle are shown in Fig.35. Almost all of the average Nusselt number tend to decrease when 

the attacking angle is increased. However, as shown in Fig.35(b), for the case of AR=8 with 

Re=7,500 in both jet arrangements, the average value at θ=15o is higher than that at θ=0o, but 

is still lower than that for the case of AR=1.  

For the case of AR=4, Re=13,400 with the inline arrangement (Fig.35(c)), and 

AR=8, Re=5,000 with the staggered arrangement (Fig.35(a)), the corresponding average 

Nusselt number in the case of θ=15o is slightly higher than that for AR=1, but is still lower 

than that at θ=0o. From these results, the effect of attacking angle is not very significant in 

increasing the heat transfer on the overall impingement surface. It can, however, increase 

local heat transfer in the upstream region, the area with minor cross-flow effect.  
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Fig.35. Average Nusselt number (Experimental result) 

 

6. Concluding remarks 

The main focus of this research is to enhance a heat transfer rate on surface of 

jet impingement by minimizing a cross-flow effect using elongated orifice. The matters were 

categorized by three parts; the first and second parts for a single and a row of impinging 

jet(s), respectively, under simulated cross-flow. The final one provides for impingement array 

with inline and staggered nozzle configurations. The main results can be concluded as follow; 

1. Impinging jets discharging from both elongated orifice, AR=4 and 8 with 

θ=0o can minimize the cross-flow effect. The deflections of jets with AR=4 and 8 with θ=0o 

toward the cross-flow direction are smaller than those conventional orifice, AR=1. This 

affects directly to enhance heat transfer rate on the impingement surface by getting a higher 

when compare with those conventional orifice. 

2. The effects of small attacking angle (θ=15o) of elongated orifices on the 

flow and heat transfer characteristics of impinging jets are rather similar to the case of 

attacking angle at θ=0o. It is, however, quite different when the attacking angles become 

larger at θ=30o and 45o. Deflections of impinging jets with larger attacking angles are more 

deflect to the cross-flow directions. The heat transfer rate on the impingement surface 

decreases greater when the attacking angle becomes larger. 
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3. For the single impinging jet and the row of impinging jets, the local heat 

transfer at impingement regions for the high cross-flow velocity are higher than that the low 

one. This result attributes the good matching between high Y-component velocity that 

impinge on target surface and high turbulence intensity distribution. This heat transfer 

behaviour was found for the case of low jet-to-plate distance. 

4. The effects of elongated orifice configurations for the row of impinging 

jets with parallel, counter-convergent and counter-divergent configurations on the heat 

transfer characteristics show that the average values for the counter-divergent configuration 

are higher than those the others.   

5. For the array of impingning jets, the effects of cross-flow on the flow and 

heat transfer characteristics in the staggered arrangement is stronger than those inline 

arrangement. The cross-flow can easily pass through the gaps between the rows of inline jets, 

whereas it appears to be directly blocked by the downstream jet in the case of staggered 

arrangement. This affects directly on the heat transfer that the average value of inline 

arrangement is higher than those the staggered one. When apply the elongated orifices to this 

impingement array system, it was found that the jets discharging from these elongated orifices 

with AR=4 can minimize the cross-flow effect despite for the case of staggered arrangement. 

6. The effect of attacking angle for impinging jet array show that heat transfer 

on the impingement surface decreases greater when the attacking angle becomes larger. 

However, when specific area on this surface is considered, local heat transfer at the upstream 

region for large attacking angles θ=30o and 45o is found to be higher than those for attacking 

angles θ=0o and 15o, especially in the case of staggered arrangement. These results are also 

confirmed by flow visualization on the region with larger impingement area. 
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