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This paper displays a laboratory study of plane turbulent wall jets on 

smooth boundaries with finite tailwater depth. The primary aim was to 

study the effect of changing Froude numbers on the behavior of plane 

turbulent wall jets with shallow tailwater depth. A series of four 

experiments, maintaining constant tailwater depth ratio of yt/bo= 22 

and four values of Froude numbers (4, 6, 8, and 10), were conducted 

to observe and quantify the growth of the wall jet, the decay of the 

velocity scale, and the variations in discharge and momentum fluxes. 

The results from these experiments were compared with the classical 

wall jet. It was found that the characteristics of plane turbulent wall 

jets with shallow tailwater depth differ significantly from those of 

classical wall jets. The experimental results show that jets with shallow 

tailwater depth ratios experience faster maximum velocity decay and 

faster growth of the jet half width. In addition, there is an increased 

relative discharge with normalized longitudinal distance, but it 

decreases rapidly to a maximum value at the end of the eddy length. 

The momentum flux in the forward flow of the wall jet significantly 

diminishes with increasing distance from the nozzle. The decay is 

attributed to the entrainment of the return flow, which possesses 

negative momentum, and an increase in tailwater depth at a distance 

from the nozzle generates this return flow. This study enhances the 
understanding of the behavior of plane turbulent wall jets on smooth 
beds with finite tailwater depth. 
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Introduction: 
A classical wall jet is a jet that comes from a rectangular slot perpendicular to a bed submerged in 

a semi-infinite fluid medium and has a thickness bo and a uniform velocity Uo (see Fig. 1). It is 

usually anticipated that momentum flux will be conserved. (Albertson et al. 1950; Rajaratnam 

1976; Schlichting 1979). Upon the jet's exit from the slot, a shear layer forms on the fluid side, 

while a boundary layer emerges on the bed. The juncture of the two layers signifies the termination 

of the potential core, beyond which the flow becomes fully developed (see Fig. 2.a, and b). 

Experimental observations of the streamwise velocity (u) at various x stations revealed that the 

velocity profiles maintain a consistent shape across the different stations. The data from 

(Forthmann, 1936) indicated that, at any x station, the axial velocity u rises from zero at the bed to 

attain its maximum value um at y = δ, subsequently declining to zero at greater values of y, as shown 

in the Fig. 2.c. The boundary layer is the area between y = 0 to y = δ. The region above the boundary 

layer is called the half width of the jet b, which is similar to mixing region. The maximum velocity 

um was taken as the velocity measure to evaluate the similarity of velocity profiles and the length 

measure b was taken as the distance above the channel bed, where the axial velocity u equals 0.5 

um, as a length scale. experiments of (Miller and Comings 1957; Heskestad 1965; Goldschmidt and 

Eskinazi 1966; Kotsovinos 1975) revealed that the momentum flux diminished to a certain degree 

at considerable distances from the jet origins. (Kotsovinos, 1978) noted that the momentum flux 

may diminish to around 80% of its initial value at a longitudinal distance of 100bo for plane 

turbulent jets. He ascribed this reduction to the negative momentum of the entrained fluid, which 

approached the jet at an angle of approximately π/4 radians from the jet's forward direction. 

Additionally, he also formulated an equation to characterize the fluctuation of momentum flux 

relative to the longitudinal distance from the jet- producing nozzle, based on an approximate 

integral analysis. (Swean et al. 1989) investigated the fluctuations of momentum and volume 

fluxes, together with the development of plane turbulent surface jets with constrained tailwater 

depth. They performed 10 tests to investigate the impact of finite tailwater depth on surface jet 

characteristics and to examine the variations in momentum and volume fluxes, as well as the 

disruption of the surface jet caused by the restricted ambient depth. The experimental findings of 

(Vanvari and Chu, 1974) and (Rajaratnam and Humphries, 1984) were also utilized. Their findings 

indicated a reduction in momentum and a deviation in the velocity and length scales due to jet 

confinement. studies by (Ead and Rajaratnam, 1998, 2001) indicate that the reduction of 

momentum flux is considerable, even with substantial tailwater exceeding 300 to 900 slot widths. 

In the case of a plane turbulent wall jet released into somewhat deep tailwater, if the shear force on 

the bed is disregarded, it is commonly assumed, similar to a plane free jet, that the momentum flux 

will be conserved (see to Rajaratnam 1976). Given that the plane wall jet model has been employed 

to examine various flows in hydraulic structures, even when the tailwater depth is relatively modest, 

it was deemed both intriguing and beneficial to investigate the fluctuations in momentum flux 

within a plane wall jet across a spectrum of tailwater levels, while also considering the influence 

of bed friction. (Javan and Namin, 2013) investigated simulated plane turbulence wall jets in 

shallow tailwater using a time-splitting approach on a non-staggered grid in curvilinear coordinates. 

The model used the k-Ɛ turbulence closure model to solve the Navier-Stokes equations. They 

compared their numerical results with experimental results of (Ead and Rajaratnam, 2002). (Aziz 

and Khan, 2011) numerically investigated a turbulent, nonbuoyant vertical jet in shallow water 

using a three-dimensional 
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computation model. They verified their data from mean and turbulent flow quantities using 

measurements of laser Doppler velocimeters. The research by (Bey et al., 2008) examined the 

effects of channel width and tailwater depth on scour induced by plane wall jets. Four sets of testing 

were undertaken, each with differing tailwater depths. The velocity-time history was employed to 

identify flow regimes, and distinct velocity signature patterns were observed. The distinction 

between high and low submergence flow was shown to depend on jet exit velocity. Although 

channel width did not significantly affect flow classification, it did influence the scour pattern. 

(Bhuiyan et al., 2011) examined the characteristics of reattached plane turbulence offset jets in 

rough beds and shallow tailwater depths. The flow consisted of a deflecting free jet and a growing 

wall jet. The results demonstrate that offset height accelerates forward-flow momentum, local 

maximum velocity, and wall shear stress more swiftly in the offset jet than in plane turbulent wall 

jets. (Ead and Rajaratnam, 2002) and (Shabayek, 2011) examined the properties of plane turbulent 

wall jets with finite tailwater depth, comparing shallow and deep tailwater depth ratios. and the 

results clarified jet behavior in restricted fluid settings. Experiments were performed to measure 

the growth of the wall jet, increase and decay of velocity scale, momentum flux, and volume flux 

variation. (Eriksson et al., 1998) performed laser-Doppler measurements on a turbulent wall jet 

with a Reynolds number of 9600, focusing on the near-wall area. The study revealed significant 

differences in conventional turbulence intensity and shear stress, attributed to the effects of 

increased turbulence intensity. (Shinneeb et al., 2019) performed measurements utilizing Particle 

Image Velocimetry (PIV) on an isothermal circular jet entering a shallow water layer. The results 

demonstrated negligible horizontal confinement yet substantial vertical confinement. The velocity 

field was evaluated on both vertical and horizontal planes. The mean velocity field and large-scale 

turbulence structures were defined, with the axial velocity profile demonstrating near homogeneity 

across the shallow water depth. Prominent vortices were seen in the superficial layer, leading to a 

marginal rise in axial velocity. (Rowland et al., 2009) experimental results for a wall-bounded plane 

jet, analogous to jets produced by flow entering floodplain lakes, demonstrate pronounced large-

scale meandering turbulent patterns. The intricate structure dominates jet turbulence, increasing 

turbulence intensities by 3-5 times and producing lateral shear stresses and momentum diffusivities 

one to two orders of magnitude greater than those generated by bed friction alone. (Francesco 

Secchi et al., 2023) investigated the self- similarity of mean velocity and Reynolds stresses profiles 

of a turbulent jet impinging onto smooth and rough surfaces at Reynolds number Re = 10,000. The 

wall jet is structured into an inner and outer layer, resembling a turbulent boundary layer and free-

shear flow. The self- similarity of the profiles is marginally affected by roughness topographies, 

but significant scatter is observed in the mean velocity profiles scaled by inner layer units. 

(Shivankar et al., 2020) examined the impact of wall undulation on turbulent jet transport 

characteristics, considering both the wall and offset jets. The results indicate that the undulation of 

wall has a strong influence on altering the friction coefficient and reattachment length for offset 

jets. It further reveals that there is an intricate interplay between undulation height and offset ratio 

in dictating the flow characteristics. (Gupta et al., 2020) studied demonstrates that streamwise 

variations of velocity and length scales in turbulent wall jets show remarkable scaling with local 

parameters, indicating no imposed scales. The mean velocity profile data suggest two distinct 

layers: the wall layer and the full-free jet layer. Each layer scales on appropriate length and velocity 

scales, and the overlap of these universal scaling leads to a Reynolds-number-dependent power-

law velocity variation in 
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the overlap layer. (Harish Choudhary et al., 2024) suggested that plane turbulent wall jets have two 

distinct structural modes: wall mode scaling on wall variables and free-jet mode scaling on jet 

variables. Experimental data from a wall jet facility revealed modal spectral contributions to 

variances of velocity fluctuations, Reynolds shear stress, shear force, turbulence production, 

velocity fluctuation triple products, and turbulent transport. The free-jet mode has wavelengths 

scaling on the jet length scale and contains two dominant submodes. The findings support the 

hypothesis of wall and free-jet structural modes and suggest a complex region below maximum 

velocity. 
 

Fig. 1. Definition illustration of a classical wall jet 

(Ead and Rajaratnam 1999) 

(a) 

(b) 
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(c) 

Fig. 2. (a) Definition illustration of a plane turbulent wall jet with finite tailwater depth; (b) Flow 

pattern; (c) Typical velocity distribution 

 

Experimental arrangement: 
Experiments were performed in a rectangular flume 0.151 m in width, 0.30 m in depth, and 2.5 m 

in length, featuring 13 mm thick clear Plexiglas sides and a steel bed covered with plastic sheets. 

All experiments were conducted on a horizontal surface. A single-leaf head gate featuring a 

streamlined lip was employed to generate a supercritical flow with a thickness equivalent to the 

gate opening, bo. A tailgate, positioned at the downstream end of the flume, was utilized to regulate 

the tailwater depth, while a centrifugal pump was used to recirculate the flow. One valve was 

installed to regulate the discharge. Four experiments (1 to 4) were conducted, with four different 

Froude numbers and the essential details of these experiments are presented in Table 1. A Prandtl 

tube with an external diameter of 3.0 mm was employed to measure the time-averaged longitudinal 

velocity u along vertical sections at various longitudinal distances from the jet- producing opening. 

The Prandtl tube was affixed to a manometer board mounted on the flume's side wall. All 

measurements were conducted in the central third of the flume, and the values of the Froude 

numbers in the four experiments are (4, 6, 8, and 10), The Reynolds number of the jet ranged from 

(12528 to 31321). For large values of the Reynolds number, viscous effects can be neglected. 
Table 1. Primary Details of Experiments 
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Dimensional analysis: 
Considering the problem illustrated in Fig. 2.a, any characteristic (Ø) of the wall jet can be 

expressed as a function of various parameters of the flow and fluid dimensions as follows: 

∅ = 𝑓1 (𝑏𝑜, 𝑈𝑜, 𝑔, 𝑦𝑡, 𝜌, µ) (1) 

where g = acceleration due to gravity, ρ = mass density and µ = dynamic viscosity of the fluid. 

Using the Pi theorem, it can be shown that 
 

                                               ∅ = 𝑓2(
𝑈0

√𝑔𝑏0
, 
ρ𝑈0𝑏0

µ
, 
yt

𝑏0
 )                                                        (2)

For relatively large values of the Reynolds' number pertinent to this study, viscous effects can be 

neglected (see Rajaratnam 1976; Hager and Bremen 1989), resulting in the simplification of Eq. 
(2) to 

                                                                           ∅ = 𝑓3(𝐹𝑟,yt
𝑏0

)                                                                       (3) 

 

Eq. 3 indicates that the primary variables affecting the different characteristics of wall jets are the 

Froude number and the tailwater depth ratio. This study tested a single tailwater depth ratio and 

compared it with classical wall jets. 

 

Experimental Results and Analysis: 
Fig. 3 (a, b, c, and d) illustrate the results of experiments (1, 2, 3, and 4), respectively. They show 

the water surface profiles where y is the water depth at any horizontal flow direction distance, x. 

Also, they represent the results of measurements for the streamwise velocity profiles for a wall jet 

with a finite tailwater depth. The velocity profiles are drawn at some selected sections with 

horizontal distances x apart. As mentioned before, the four figures representing the four 

experiments have the same gate opening (bo = 1 cm) and tailwater depth (yt = 22 cm). That is the 

ratio yt/bo is kept constant at 22. However, the Froude number Fr varied with the values of (4, 6, 8, 

and 10) for experiments (1, 2, 3, and 4), respectively. Water surface profiles were measured from 

the gate section where x = 0 to a section where the flow depth y = yt. For any of the four figures, it 

is clear that water depth increases gradually with the horizontal distance in the flow developing 

zone until it reaches yt approximately at the end of the eddy length, Le. Comparing the four figures, 

it is shown that the flow depth at the jet section (x = 0) is 22, 21, 20, and 19.5 cm for the jet Froude 

number equals 4, 6, 8, and 10, respectively. That is the water depth at the jet increases with the 

decrease of Fr. The peak reverse velocity at any station was observed to occur at or near the water 

surface. The maximum reverse velocity for any experiment was determined to occur at a distance 

Le /2 from the gate as shown in Fig. 4, where Le is the eddy length. The length of the eddy was 

also determined by dye injection as shown in Fig. 5. Fig. 6 illustrates the experimental results as a 

dimensionless eddy length (Le/bo) with Froude numbers (Fr). On the other hand, the eddy length 

increases with the increase of Fr due to the increase of the flow energy. Le/bo can be expressed 

with the equation. 

𝑦 = 7.99𝑥 + 64.72 (r2 = 0.774) (4) 
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Fig. 3. Typical velocity fields of wall jets in limited tailwater (yt/bo = 22) for experiments (a) Fr = 

4; (b) Fr = 6; (c) Fr = 8; and (d) Fr = 10 
 

Fig. 4. Variation of maximum reverse velocity with distance 

 
 

Fig. 5. Expt. 3 with (Fr = 8) 
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Fig. 6. Illustrates the experimental results as (Le/bo) versus (Fr). 

 

The examination of the velocity field reveals that velocity measurements in the forward flow 

distinctly illustrate the configuration of the wall jet. The maximum velocity, um, at any station was 

chosen as the velocity scale to evaluate the similarity of the velocity profiles, and the length scale, 

b, is defined as a specified vertical distance y, where u=0.5um and ∂u/∂y is negative. (Fig. 7.a, and 

8.a) show velocity profiles for experiments (2, and 3), respectively. It illustrate the relationship 

between the velocity u for different stations x. (Fig. 7.b, and 8.b) present similarity profiles for the 

velocity distributions, depicting the variation of the relative streamwise velocity u/um with relative 

vertical distance y/b together with the representation of the velocity profile of the classical wall jet 

in bold black line. Results showed analogous distributions of the velocity profiles at various stations 

with the classical wall jet. Velocity profiles for x/bo ≤ 12 were excluded due to their dissimilarity 

to those presented in (Fig. 7.b, and 8.b). Fig. 9 shows the similarity profiles of the four experimental 

datasets, excluding the regions near and far from the slot, where the velocity distribution differed 

from that of wall jets. The similarity profile for the plane turbulent wall jet resembles that of the 

classical wall jet. However, it's clear that in some areas, the measurements showed more decay 

compared to the classical wall jets. The discrepancy between the similarity profile for the stream 

data and the classical wall jet profile is likely due to the shallow tailwater depth. Upon discovering 

that the velocity profiles in the forward flow exhibit similarity, it is essential to examine the 

variation of the velocity scale um and the length scale b in relation to the distance x. 
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Fig. 7. (a) Velocity distribution for expt. (2 at Fr = 6); (b) Similarity profile for expt. (2 at Fr = 6) 

 

Fig. 8. (a) Velocity distribution for expt. (3 at Fr = 8); (b) Similarity profile for expt. (3 at Fr = 8) 
 

Fig. 9. Similarity profile for all experiments 
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Fig. 10 (a) depicts the decay of maximum velocity with a longitudinal distance from the slot. The 

maximum velocity at the slot ranged from 0.71 to 1.57 m/s, and um was measured for x up to 

approximately 0.9 m. Fig. 10 (b) shows the decay of the maximum velocity um at any station x 

normalized by the jet velocity at the slot, Uo, with the relative distance from the gate x/bo. The plot 

of maximum velocity decay for classical wall jets is also included. For shallow tailwater depth 

ratios, the maximum velocity decays more rapidly with distance than for classical wall jets, where 

the maximum velocity decays gradually for classical wall jets. It was found that with increasing 

Froude number, the maximum velocity decay increases except for experiment 2 with Fr = 6. 
 

Fig. 10. Variation of the maximum jet velocity with distance (a) um against x; (b) um/Uo against x/bo
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Fig.11 shows the growth of the jet's length scale, or half-width b, with distance. This figure also 

confirms the distinct behavior of the shallow and classical wall jets. Comparing the experimental 

results representing cases of shallow tailwater wall jets with the classical wall jet (bold black solid 

line in the figure), it is observed that the jet half-width grows rapidly with distance for shallow 

tailwater depth ratios (yt/bo = 22), but slowly for the classical wall jet. Furthermore, the figure 

displays the results of experiments with different Froude numbers, showing that as the Froude 

number increases, the jet half-width also increases. In all experiments, at each section where 

velocity observations were conducted, the forward flow rate Q and the forward momentum flux M 

per unit width were computed as the aggregate of the fluxes through a thin strip. Fig.12 illustrates 

the variation of the relative discharge Q/Qo in the wall jet as a function of the relative distance x/bo, 

where Qo represents the discharge at the slot. An examination of Fig 12. reveals that the behavior 

of jets with a shallow tailwater depth ratio differs from that of classical wall jets. In the shallow 

jets (yt/bo = 22), the relative discharge increases with relative distance at a rate exceeding that of 

the classical wall jet until a specific section, after which it declines rapidly until it approaches a 

value of approximately equal 1. The figure also shows that the relative discharge increases with 

the Froude number until it reaches Fr = 6, after which it decreases as the Froude number continues 

to rise. When the tailwater depth is shallow, the entrainment of recirculating flow with opposing 

momentum can significantly diminish the wall jet's momentum flux as it moves downstream. 

Fig.13 shows the variation of the normalized momentum flux of the wall jet with the normalized 

distance from the nozzle, for both shallow tailwater depth ratios and classical wall jets. The 

momentum flux experiences a rapid decline in the forward flow up to a specific section, after which 

it decreases gradually, then declines rapidly once again. The figure also shows that as the Froude 

number decreases, the momentum flux decreases at a faster rate. 
 

Fig. 11. Variation of jet half-width with distance 
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Fig. 12. Variation in wall jet discharge with distance 

 

Fig. 13. Variation of wall jet momentum flux with distance. 
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Conclusion: 
In plane turbulent wall jets with limited tailwater depth, a notable distinction exists between the 

behavior of jets with shallow tailwater depth ratios and that of classical wall jets. The experimental 

results revealed that for jets with shallow tailwater depth ratios, the maximum velocity decays more 

quickly than for classical wall jets. and it was observed that when the Froude number increases, the 

decay of the maximum velocity also increases, except for experiment 2 at Fr = 6. In addition, the 

jet length scale grows at a much faster rate than classical wall jets. And with the increase in the 

value of the Froude number, the growth of the jet half- width increases. Furthermore, the 

experimental results demonstrated that for shallower jets, the relative discharge increases with 

normalized longitudinal distance up to a maximum value before rapidly decreasing to a value of 1 

at the end of the eddy length, where the relative discharge of classical wall jets increases much 

more slowly. Additionally, the relative discharge increases with the Froude number until it reaches 

Fr = 6, after which it declines as the Froude number further increases. The variation of the 

momentum flux of the forward flow with the normalized longitudinal distance distinguished the 

shallow and classical wall jets more clearly. The study found that for shallower jets, the momentum 

flux experiences a rapid decline in the forward flow up to a specific section, after which it decreases 

gradually, then declines rapidly again. Additionally, the results indicate that the momentum flux 

decreases at a faster rate as the Froude number diminishes. Overall, the findings of this study 

highlight the significant effect of the tailwater depth ratio on the behavior of wall jets when 

compared to classical wall jets. 
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