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ABSTRACT 

In this paper a numerical study is conducted to investigate the flow structure and heat transfer performance of jet 

impingement inside a narrow target channel with high blockage ratio transverse rib turbulators of different arrangements 

relative to effusion holes on the target wall, which represents a simplified system from mid-chord region of a turbine blade. 

The rib turbulators are transversely mounted between the locations of the impingement jet and effusion holes. The jet 

Reynolds number based on the injection hole diameter is 4,000, 8000 and 12,000, respectively. The effect of blockage ratio 

(e/DH =0.12 0.18 and 0.29) and rib arrangement (in front of or behind the effusion hole) on the flow structure, local and 

global average heat transfer characteristics in the impingement/effusion cooling systems are numerically investigated with 

Reynolds Averaged Navier–Stokes (RANS) method in detail. Furthermore, the calculated data on the rib roughened wall 

are also compared with those on the smooth wall for the impingement/effusion cooling system. Results show that the 

placement of ribs on the target wall produces a much greater heat transfer enhancement by up to 18%. The local heat 

transfer distributions and their uniformity are significantly affected by the position of rib turbulators. Moreover, the increase 

of rib blockage ratio is beneficial to increase the overall heat transfer level and thermal-hydraulic performance of 

impingement/effusion systems with ribs.  

INTRODUCTION 

The power of aero-engine gas turbine increases with the increase of inlet gas temperature. However, the temperature 

of advanced turbine inlet gas far exceeds the heat resistance limit of blade material. So, effective cooling methods need to 

be developed to reduce the blade surface temperature. Among all the cooling technologies, impingement/effusion double-

wall cooling has been paid much attention by many researchers engaging in aeroengine hot-part cooling. The combination 

of jet impingement with surface roughening elements and external effusion holes cooling has comprehensive advantages 

of film cooling, internal impinging cooling and convective cooling. This technique provides much better cooling and 

generates higher cooling effectiveness compared to other single conventional cooling methods, and thus have been 

considered as a very promising cooling technology to meet the requirements of advanced aeroengines.  

Impingement jet cooling is a most effective way to improve the local heat transfer characteristics and has been widely 

investigated by various authors. Zuckerman and Lior (2006) presented a comprehensive review of the studies on physical 

mechanism and numerical models of jet impinging flows and heat transfer. In recent studies, the effect of the roughened 

target wall on the jet impingement heat transfer has been investigated. The purpose of using roughened elements on target 

wall is to reduce the cross flow effect (Wang et al. 2011, Tepe et al. 2019), increase the additional turbulence and heat 

transfer surface area. Taslim et al. (2003) compared the heat transfer coefficient on three geometries, namely horseshoe 

and notched-horseshoe ribbed and smooth leading-edge target walls. They concluded that the notched-horseshoe ribs 

produced the highest heat removal from the target surface, attributing to the area increase of the target surface. Zhang et al. 

(2013) examined the hemispherical protrusion height on the flow and heat transfer characteristics of a single jet, and it was 

found that Nusselt number has been improved with the increasing of the protrusion height compared to the flat plate. Rao 
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et. al (2016) also reported the heat transfer performance of multiple-jet impingement on a roughened target plate with 

micro-W-shaped ribs with the help of the experimental measurements and numerical simulation. Both of the works (Zhang 

et al., 2013 and Rao et. al, 2016) demonstrated that placement the ribs onto the target surface can improve impingement 

heat transfer but with various degree increasement pressure loss compared to the impingement on the flat plate. The effect 

of the shape of target surface and rib arrangements on heat transfer characteristics was investigated by Qi et al. (2016). 

Their results show that sparse protrusion arrangement in concave and V-shape channels provide significant heat transfer 

enhancement while with a little increase in pressure loss.  

The combination effect of pin fins or ribs and effusion holes on the target wall on impingement jet heat transfer in 

impingement/effusion cooling system was investigated by some researchers. It was determined that the heat transfer and 

its uniform were improved on the surface where pin fins and effusion holes were placed (Rao et al., 2018). Effects of pin 

spacing and effusion hole diameter on jet impingement/effusion cooling performance were investigated by Kim et. al (2017) 

and Zhou et al. (2019), respectively. The study of Rhee et al. (2004) is concentred on the effect of rib configurations on 

pressure loss and heat transfer characteristics for an impingement/effusion cooling system with initial crossflow. Five 

configurations of the rib turbulators with various rib blockage ratio, rib pitch ratio and inclination of ribs on target plate 

have been used. Their results showed that the placement of ribs on the target wall promotes the overall heat transfer. The 

average heat transfer is more sensitive to the rib pitch ratio, while the pressure loss is mainly influenced by the attack angle 

of ribs. Chang and Liou (2009) experimentally measured detailed Nusselt number distributions for an impinging jet-array 

onto two enhanced surfaces using concave and convex dimples with effusion holes. Hong et al. (2009) reported that with 

the application of rib turbulators on the target plate for impingement/effusion cooling, the averaged Sh value on the ribbed 

target surface increased by approximately 8% compared to that on the smooth surface.  

In the above cited articles, there have been some studies about the rib turbulators with the blockage ratio of 5%-10% 

on the target wall of impingement/effusion cooling system. For the smaller gas turbine, the turbine blades have closer 

spacing and higher blockage ribs. However, the arrangement of ribs with high blockage ratio on the target wall is rarely 

studied. The objective of this article is to examine how high blockage ribs and its configuration relative to the effusion 

holes on the target wall influence flow and heat transfer characteristics of jet impingement inside impingement/effusion 

cooling structures through varying the blockage ratio and Reynolds numbers. This examination can be of interest to 

machinists endeavouring to secure the appropriate cooling mechanism as well to scholars interested in the thermal 

engineering. 

NUMERICAL SETUP 
Fig.1 shows the schematic simplified model of impingement/effusion cooling system. The coolants from the coolant 

supply channel impinge on the target plate through the jet holes. After that, one part of the coolants flow towards the one 

exit of the target chamber and the other part are partially discharged through effusion holes at the same time. The diameter 

of the jet holes d is selected as the characteristic linear scale in this study and equals 5 mm. The target chamber is a 

rectangular channel with a length L/d and a width W/d of 50 and 6, respectively. Thus, the corresponding hydraulic diameter 

of the target channel DH is 1.71. The ratio of jet-to-target surface distance to diameter of jet hole H/d is 1. The diameter of 

effusion holes equals the diameter of the jet hole and is fixed at 1. Two rows of 8 impingement holes (16 holes total) are 

evenly arrangement in line along the axial direction, and one row of 7 effusion holes are arranged in a staggered way with 

respect to the impingement holes. The ratios of effusion to effusion (or impingement-to-impingement) hole spacing to 

diameter of jet hole are 6 for both the spanwise and streamwise directions. 

 

Figure 1 Schematic of computation model for impingement/effusion cooling system. 
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Three representative target plates including a flat and two ribbed surfaces with effusion holes are considered, as shown 

in Fig. 2(a)–(c). The square rectangular ribs are transversely mounted between the locations of the impingement and 

effusion holes. The rib width is equal to the channel width. Case 1 is the baseline Case, in which the impingement/effusion 

cooling in the flat surface is investigated (Fig. 2(a)). The rib turbulators are placed on the target surface in two arrangements: 

behind the effusion hole by 1.5d (Case 2-4, see Fig. 2(b)) and in front of the effusion hole by 1.5d (Case 5-7, see Fig. 2(c)). 

In each group, totally three blockage ratios (e/DH) are considered: 0.12, 0.18 and 0.29, i.e., from Case 2 to Case 4 and from 

Case 5 to Case 7, the blockage ratio increases from 0.12 to 0.29. 

 
 

Figure 2 Top view of the investigated target surfaces of the Imp/effusion cooling system: without ribs  
(a), ribs behind effusion holes (b); ribs in front of effusion holes (c).   

 

In the present paper, jet impingement heat transfer and flow characteristics were studied in the impingement/effusion 

cooling system with or without ribs on the target wall. Three-dimensional steady-state governing equations are solved using 

RANS method with the commercial software ANSYS fluent 19.0. The boundary conditions for the numerical computations 

are set up, as shown in Fig. 1. At the inlet, a mass flow inlet boundary condition is used, and the turbulent intensity of the 

inlet flow for all Cases is set to be 5.0%. The temperature of the inlet air is 303K. The density and thermal conductivity of 

air are linearly interpolated using values at multi different temperatures, and the dynamic viscosity coefficient are calculated 

by Sutherland’s Law. To eliminate the effect of backflow and improve the calculation accuracy, the effusion holes exit 

section are extended by 4d and the static pressure value of 0 Pa is given at the outlet of the effusion holes and target channel. 

A constant heat flux qw is applied at the target channel surface with ribs. The two spanwise sides are symmetrical boundaries 

and the rest two walls are adiabatic boundaries. In addition, no slip boundary condition is applied on all wall surfaces. 

Three different jet Reynolds numbers of 4,000, 8,000, and 12,000 based impingement hole diameter are investigated.  

The impingement Reynolds number as defined by:  

inu d
Re




=        (1) 

where uin is the impinging jet velocity of the inlet, 𝜇 is the dynamic viscosity of the coolant, and d is the diameter of the 

impingement hole. 
The Nusselt number is defined as: 
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where 𝑞𝑤 is the heat flux through the target wall. Tw is the local temperature of the target wall. Tf  is the coolant reference 

temperature, 𝜆 is the thermal conductivity of coolant at the reference temperature Tf..  
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where Tin , Tout  are the coolant mean temperature at the inlet and outlet of the computational domain, respectively. 
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where  = e totalm m  is the mass flow rate ratio, em  is the coolant mass flow rate through all effusion holes together, 

totalm  is the total coolant mass flow rate into the coolant supply channel. 
,hole im is the coolant mass flow rate through 

one effusion hole. ,out tarT is the mass-averaged mean temperature at the target channel outlet, and , ,t hole iP is the mass-

averaged mean temperature at one effusion hole outlet.  

 

The Darcy friction factor f is defined as: 
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where L and DH are the axial length and the hydraulic diameter of the target channel, respectively. , , =  −t in t outp p p  is 

the total pressure drop between the inlet and outlet of the coolant. 
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where ,t tarP is the total pressure at the target channel outlet, and , ,t hole iP is the average total pressure at one effusion hole 

outlet.  

Then thermal-hydraulic performance 𝜂 is defined as: 
/3
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where Nu0 and f0 are referred to the Nusselt number and friction factor of the baseline (Case 1). 

  
 

Figure 3 Structured hexahedral mesh for impingement/effusion cooling system 



5 

Fig. 3 shows the schematic view of the structured hexahedral mesh of the impingement/effusion cooling system with 

ribs for the numerical computations, which is generated by commercial program ANSYS ICEM. The grids in the boundary 

layer regions of jet holes, effusion holes, rib’s surface and main target channel are densified to ensure y+ values of the first 

layer less than 1. The grid independence study is performed based on the Case 3 at Re=4,000. Three sets of meshes are 

constructed with varying element numbers, which is about 3.11 mil., 5.11 mil. and 7.17 mil. respectively. 

Fig. 4 shows the variations of the Nusselt number at the centreline of the target wall for three sets of meshes. It can 

be seen that the variation trend in the local Nusselt number is maintained and the deviations between the mesh 2 with 5.11 

mil. and the mesh 3 with 7.17 mil. is tiny. In order to further assess average numerical accuracy of the computed values, 

grid convergence index (GCI) method is adopted. Table 1 contains the corresponding quantities with three different meshes. 

It can be seen that, as a whole, the numerical uncertainty of grid convergence is rather small, since the GCI value is 0.41% 

and 0.21% for the mean Nusselt numbers and the pressure losses, respectively. Thus, the grid system consisting of about 

5.11 mil. hexahedral cells (Grid 3) is chosen for computations. 

 
Figure 4 Variations of Nusselt number along the centreline of the target wall for three different 

sets of meshes 

 

Table 1 Quantitative assessment of the discretization error using GCI (Celik et al., 2008) for Case 3 

N1 3.11 mil.  

N2 5.11 mil.  

N3 7.17 mil.  

 
Nu  p  

∅𝟏 34.50 201.77 

∅𝟐 34.38 197.19 

∅𝟑 34.34 197.07 

∅𝒆𝒙𝒕
𝟐𝟏  34.61 198.83 

𝒆𝒆𝒙𝒕
𝟐𝟏  0.093% 1.478% 

𝐺𝐶𝐼𝑓𝑖𝑛𝑒
21  0.41% 0.21% 

The accuracy of numerical calculation is closely related to the turbulence model. In order to select an appropriate 

turbulence model that can accurately describe the flow and heat transfer characteristics of impinging/effusion cooling 

system, four two-parameter semiempirical turbulence models are selected and verified in this paper: RNG k– ε, Realizable 

k- ε, standard k- ω and k- ω SST turbulence model. For the comparison, the experimental results of work by Rhee et. al. 

(2003) for impingement/effusion cooling scheme with zero crossflow at Re =10,000, based on jet hole diameter are selected 

in this paper. Fig. 5 shows the comparisons of local Nusselt number distribution on target wall by different turbulence 

models and corresponding experimental data between two jets (Z/D=3). It can been that all the investigated turbulence 

models give a good agreement between the numerical predictions and the experimental data in the regions of 1<x/D <5. 

However, in the impingement stagnation regions (0<X/D<1, and 5< X/D<6), significant deviations are observed between 

all the CFD predications and experiments. The k- ω SST turbulence model highly overestimates the Nusselt number, 

reaching a maximum error of 30%, and the twin peak characteristics of Nusselt number around stagnation zones is only 



6 

 

captured by this model. Moreover, in order to verify the prediction accuracy of the k- ω SST model, the area averaged 

Nusselt number on the target wall are also compared, as shown in Table 2. It is found that the an acceptable agreement is 

obtained by using all the investigated turbulence model, while k- ω SST turbulence model predicts the area averaged 

Nusselt number more accurate in comparison to other models. 

Another physical model of multiple jet impingement/effusion cooling structure with pin fins on the target wall 

presented by Rao et al. (2018) is also selected, since this physical model is set up with maximum crossflow and is likely to 

be more similar to our study. Fig. 6 presents the comparisons of local Nusselt number on the pin fin plate with effusion 

holes between numerical results predicted by four different turbulence models and experiment data at impingement 

Reynolds number of 30,000. As can be seen, the results obtained by Standard k- ω and k- ω SST turbulence model are 

qualitatively very close to the experimental results. In the region of the jet No. 1 and No. 2, Standard k- ω turbulence model 

overestimate the Nusselt number, especially for the stagnation peaks of the Nusselt number, while the k- ω SST turbulence 

model provide a better prediction of the peak value of the Nusselt number. With the crossflow getting further stronger in 

downstream region, in the region of jet No. 3 and No. 4, k- ω SST turbulence model significantly underestimates the peak 

value of the Nusselt number compared to the experimental results. As flow further moves downstream, around the regions 

of the jet No. 5, No. 6 and No. 7, there are no obvious deviations between the numerical results predicted by both of 

Standard k- ω and k- ω SST turbulence model and experimental data. 
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Figure 5 Comparisons of local Nusselt number distributions on target wall between two adjacent 

jets (Z/D=3.0) 

 

Table 2 Comparison of are-averaged Nu number between the CFD predictions and experimental data 

 
Experiment 

CFD prediction 

RNG k– ε Realizable k– ε Standard k-ω k- ω SST 

Nu  90.48 91.44     84.64     87.42 91.01 

Deviation ---    1.1%      6.5% 3.4% 0.6% 

 

In general, although k- ω SST turbulence model does produce relatively larger deviations with experiments in 

predicting jet impingement heat transfer in the jet stagnation regions, We still believed that the k- ω SST turbulence model 

has the ability to predict the impingement heat transfer on the target wall in impingement/effusion cooling system. Besides, 

as mentioned in a technology review of Zuckerman and Lior (2006), compared with other RANS-based turbulence model, 

the k- ω SST model was commented with a relatively high accuracy in predicting both secondary peaks in the Nusselt 

number and the surface Nusselt number distribution of impinging flows. Therefore, k- ω SST turbulence model is chosen 

in this study.  

RESULTS AND DISCUSSION 

Fig. 7 shows streamlines and streamwise velocity distributions on the center section of impingement hole (Y/d=0) for 

all Cases at the Re of 8000. For all the Case, the flow is uniform in the jet holes and sharp changes occurs in both flow 

speed and direction after entering the target channels. In the Case without ribs (Case 1), a relatively big vortex forms and 

presents nearly circular outline upstream of each impingement hole due to the collisions between the adjacent wall jets. 

Moreover, the circular vortexes gradually shrink along the crossflow direction.  
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Figure 6 Comparisons of local Nusselt number distributions for Imp/effusion cooling system with pin 

fins on target wall 
 

While in the Cases with ribs behind the effusion holes (Case 2-4), the deflected jet flow behaviour is similar to that of 

the Case without rib turbulators. However, some discrepancies are observed in the flow near the target wall. The deflected 

upward wall jet generated in the upstream region of the impingement hole mixes with the downward flow separated from 

the upper surface of the adjacent rib turbulators and suppressed recirculation zones behind the rib due to the blockage effect 

of the rib turbulators. As a result, a smaller recirculation flow is formed behind the ribs compared to the smooth plate. 

However, obvious differences of the streamlines are revealed between the Cases with two different arrangement of the ribs. 

In the Case 5-6, an enlarged vortex flow region is generated behind the 2nd and 3rd ribs, and these vortex approximately 

present elliptic outlines, attributing to the reattachment of the separated downward flow from the rib and crossflow effects. 

While in the Case 7, the vortex scales behind the ribs are much smaller than that of the Case 5 and Case 6 because the 

decrease of the crossflow effect is more pronounced for high rib blockage ratio. Simultaneously, a small scale vortex is 

formed immediately behind the main recirculation vortex at the top wall of the target channel. 

Fig. 8 shows the local Nusselt number distribution on target plate for different Case at the Re= 8000. Obviously, for 

all the Cases, the Nusselt numbers with high values occur at each jet stagnation region and decreases rapidly from the 

centre to around because the deflected wall jet flows are extracted out immediately into the adjacent effusion holes, as is 

also described in Ref. (Rao et al. 2018 and Jing et al. 2018). For the Case without ribs (Case 1), the intensity of the crossflow 

caused by the deflected wall jet increases along the streamwise direction of the target channel outlet, the Nusselt numbers 

increase firstly and reach maximum value in the third stagnation region. With the crossflow getting further stronger in 

downstream region, the Nusselt numbers deceases in the stagnation zones, and the regions with low Nusselt numbers near 

the effusion holes between the jets are increased. For the Case with ribs behind the effusion holes (Case 2-4), compared to 

the Case 1, the placement of ribs on the target surfaces for impingement/effusion cooling makes the Nusselt number 

distributions more uniform as reported by the Tepe et al. (2019), and the average Nusselt number increased by 6.5%, 6.63% 

and 11.58%, respectively. It is clearly shown in Figure 5 that that the area with low heat transfer regions between the jets 

for Case 2-4 significantly reduces compared to that for the Case 1. This is due to the placement of the rib behind the effusion 

holes help enhances the flow interactions there, improving the Nusselt number. In addition, from Case 2 to Case 4 with the 

increase of the blockage ratio, the offset distance of the jet stagnation regions is gradually reduced varying degrees due to 

the blockage effect. For the Case 5-7, the arrangement of ribs in front of effusion holes produces a slight enhancement of 

the overall heat transfer, except for the Case with higher blockage ratio ribs (Case 7), while in this case, it leads a higher-

pressure loss. It is also noted that in the Case 7, the six and seven jet stagnation regions are greatly enlarged. This may be 

due to the ribs mounted in front of the effusion holes on the target wall block the development of the wall jet toward the 

upstream region. 
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(a) Baseline 

 
(b) Case 2 (behind the effusion holes, e/DH =0.12) 

 
(c) Case 3 (behind the effusion holes, e/DH = 0.18) 

 
(d) Case 4 (behind the effusion hole, e/DH = 0.29) 

 
(e) Case 5 (in front of the effusion holes, e/DH = 0.12) 

 
(f) Case 6 (in front of the effusion holes, e/DH =0.18) 

 
2nd                        3rd                         4th                     5th 

(g) Case 7 (in front of the effusion holes, e/DH =0.29) 

 

Figure 7 Comparisons of streamlines and streamwise velocity distributions on the impingement 
plane (Y/d=0) for different Cases at Re= 8,000 
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(a) Baseline, Nu̿̿ ̿̿ =46.62 

 

 
(b) Case 2, Nu̿̿ ̿̿ = 49.65 

 

 
(c) Case 3, Nu̿̿ ̿̿ = 49.71 

 

 
(d) Case 4, Nu̿̿ ̿̿ = 52.01 

 

 
(e) Case 5, Nu̿̿ ̿̿ = 46.99 

 

 
(f) Case 6, Nu̿̿ ̿̿ = 47.32 

 

 
1st         2nd         3rd         4th         5th         6th         7th  

(g) Case 7, Nu̿̿ ̿̿ = 51.06 

 
Figure 8 Comparisons of local Nusselt number distributions on the target wall at Re= 8,000. 

 
Fig. 9 shows the local Nusselt number on the target wall along the centerline of jet hole row (Y/d=0). The investigated 

zones are between the 3rd and 5th jets, and contain three stagnation points of impingement jets. As can be seen in Fig.10 
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around the stagnation zones, two peaks in the Nusselt number are observed and apart from the stagnation point about 0.4d 

almost for all the cases. Because of the crossflow effect, the Nusselt number distribution does not show symmetry in the 

region of -3.0<X/d <3.0. Beyond region of the stagnation zones in the region of 0.5<X/d <4.0, the Nussselt number gradually 

decreases and reaches the secondary peak located at the X/d =1.9. As described by Cho et al. (1998), this phenomenon is 

associated with the rolling vortex and the secondary vortex induced by unsteady flow separation. In the case of installation 

of the rib turbulators behind the effusion holes (Case 2-4), the maximum value of Nusselt numbers are significantly 

enhanced by about 60% compared to that in Baseline around the stagnation zones, and the secondary peaks of Nusselt 

number are slightly increased by about 6%. The location of these two peaks of Nusselt number in the region of 0<X/d <3.0 

almost remain the same for all the cases. In addition, it should be noted that introducing the rib on the target wall behind 

the effusion holes increased the Nusselt number remarkable near the stagnation zones (-0.5<X/d<0.5), and increasing the 

rib blockage ratio has little effect on Nusselt number between two impingement stagnation zones.  
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Figure 9 Local Nusselt number along the centerline of jet hole row (Y/d =0) with different blockage 

ratio rib turbulators behind the effusion holes 
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Figure 10 Local Nusselt number distributions along the centerline of the effusion holes (Y/d=3) with 

different blockage ratio rib turbulators behind the effusion holes 

 

Fig. 10 presents the local Nusselt number on the target wall along the centerline of the effusion holes (Y/d=3). The 

points with Nusselt number value of 0 represent effusion holes on the target wall. For the Baseline, the distribution of the 

Nusselt number is nearly uniform exception near the effusion holes, where the small peak regions in Nusselt number are 
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observed due to impingement of the secondary vortices as described by Rhee et al. (2003). For Cases 2-4, the distributions 

of the Nusselt number along the centerline of effusion holes are significantly different from those of Baseline, and the heat 

transfer rate changes dramatically. Moreover, the higher Nusselt number occurred between the two effusion holes compared 

to the case without rib (Baseline).  

Fig. 11 presents a comparisons of relative area-averaged Nusselt number (a) and friction factor (b) with varying 

Reynolds number for all the Cases. The results for the Case without ribs (Case 1) are also presented as the reference. As 

can be seen in Fig. 6(a), the Nu̿̿ ̿̿ /Nu0
̿̿ ̿̿ ̿ of target plate with rib turbulators for all the Cases is higher than 1 with the Reynolds 

number ranging from 4,000 to 12,000, demonstrating that the placement of ribs on the target wall is helpful to improve the 

overall heat transfer performance. In the Case of the ribs behind the effusion holes (from the Case 2 to Case 4), the relative 

area-averaged Nusselt number decreases with the increasement of Reynolds number. However, different tendency is 

observed for the Case with the ribs in front of the effusion holes. The relative area-averaged Nusselt number is almost the 

same with the change of Reynolds number. Moreover, the target wall with ribs behind the effusion holes (Case 2-4) 

performs better in heat transfer than that of the Case with ribs in front of the effusion holes (Case 5-7). Notably, 

maximum Nu̿̿ ̿̿ /Nu0
̿̿ ̿̿ ̿ of 1.19 are achieved by the target plate with high blockage ratio rib of 0.29 at the Re 4000. 

As shown in Fig. 11(b), in general, the relative friction factor of almost all Cases slightly rise with the increase of 

Reynolds numbers. Obviously, the f/f0 of the target surface with ribs behind the effusion holes (Case 2-4) is lower than that 

of the Case with ribs in front of the effusion holes (Case 5- 7), suggesting that the rib configuration has an important effect 

on the pressure loss of target channel. As expected, the f/f0 with higher blockage ratio ribs (Case4 and Case7) is much 

higher than that of all other Case. Additionally, at low Reynolds number, Case 2 with blockage ratio of 0.12 owns the 

lowest pressure loss, which is 0.99. With the further increase of blockage ratio (Case 3), flow resistance remains stable. 

However, when the rib blockage ratio reaches 0.5 (Case 4), the flow resistance of the target channel (Case 4) obviously 

increases to about 1.17. 

 

4000 8000 12000

1.00

1.05

1.10

1.15

1.20

N
u

/N
u

0

Re

 Case 1

 Case 2

 Case 3

 Case 4

 Case 5

 Case 6

 Case 7

   

4000 8000 12000

1.0

1.1

1.2

1.3

1.4

f/
f 0

Re

 Case 1

 Case 2

 Case 3

 Case 4

 Case 5

 Case 6

 Case 7

 
(a)                                               (b) 

Figure 11 Variations of Nu/Nu0 (a) and f/f0 (b) with Re for different rib arrangements. 

4000 8000 12000
0.95

1.00

1.05

1.10

1.15

η

Re

 case1

 case2

 case3

 case4

 case5

 case6

 case7

 
Figure 12 Variations of thermal-hydraulic performance with Re for different rib arrangements. 
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Fig. 12 shows a comparation of overall thermal-hydraulic performance with Reynolds number for all the Cases. It can 

be seen that, for the Case 2-4, with increase of Reynolds number, the overall thermal-hydraulic performance η decreases, 

while for the Case 5-7, the change of η is not obvious. Case 4 with ribs behind the effusion holes provides the highest η of 

1.12 at low Reynolds number. Specifically, Case7 gives a slight improvement of η compared to the baseline, which is 

mainly because the Case 7 produces more pressure loss while enhancing heat transfer. Overall, within the Re range of 

4,000–12,000, the installation of ribs behind the effusion holes is better than the installation of ribs in front of the effusion 

holes. The rib blockage ratio and the arrangement of the rib relative to the effusion holes are two major factors, which have 

a remarkable influence on the thermal-hydraulic performance. Introducing the high blockage ratio ribs behind the effusion 

holes on target wall is a beneficial way to improve the overall thermal-hydraulic performance of the impingement/effusion 

cooling system.  

CONCLUSIONS 

In this paper, a numerical study was conducted on jet impingement heat transfer characteristics in the 

impingement/effusion cooling structures with a narrow channel with effusion holes and with rib turbulators on the target 

wall. Combined effects of high blockage ribs and effusion holes on heat transfer and pressure loss in the jet impingement-

effusion cooling systems were investigated with the jet Reynolds number range of 4,000-12,000. The numerical analysis 

showed that, compared to the jet impingement on the target plate without ribs (Case 1), arrangement of ribs on the target 

plate shows greater impingement heat transfer enhancement by up to 18% with a limitedly increased pressure loss. In 

addition, the installation of the rib turbulators relative to the effusion holes significantly affected the local heats transfer 

distributions. The heat transfer patterns on the target plates are more uniform for the Case with ribs behind the effusion 

holes (Case 2-4). Increasing the rib blockage ratio provides a superior performance in overall heat transfer of 

impingement/effusion cooling with ribs. The maximum thermal-hydraulic performance reaches 1.12 at low Reynolds 

numbers for the Case 4 with blockage ratio of 0.29.  

NOMENCLATURE 

X coordinate along the channel axial direction, m 

Y coordinate along the channel width direction, m 

Z coordinate along the jet hole direction, m 

L target channel length, mm 

W target channel width., mm 

e rib height, mm 

DH hydraulic diameter of the test duct, mm 

d diameter of the impingement holes, mm 

H jet-to-plate spacing, mm 

Re impingement Reynolds number 

𝑞𝑤 wall heat flux density, W/m2 

𝑇𝑤 wall temperature of target wall, K 

𝑇𝑓 reference temperature, K 

Nu Nusselt number 

Nu0 Nusselt number of baseline 

Nu̿̿ ̿̿  area-averaged Nusselt number 

Nu0
̿̿ ̿̿ ̿ area-averaged Nusselt number of baseline 

𝑢𝑖𝑛 inlet impinging jet velocity, m/s 

𝜌 Density, kg/m3 

𝜇 dynamic viscosity coefficient, N·s/m2 

𝜆 thermal conductivity of air, W/(m·K) 

∆𝑝 total pressure drop, Pa 

𝑃𝑡 𝑖𝑛 total pressure of coolant supply channel inlet, Pa 

𝑃𝑡 𝑜𝑢𝑡 total pressure of outlet, Pa 

𝑃𝑡,ℎ𝑜𝑙𝑒  total pressure of effusion holes outlet, Pa 

𝑃𝑡,𝑡𝑎𝑟 total pressure of coolant supply channel outlet, Pa 

𝑢𝑖𝑛 inlet impinging jet velocity, m/s 

f friction factor 

f0   friction factor of baseline 

𝛽 mass flow rate ratio 
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