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Jet impingement is known to generate one of the 
highest heat transfer rates. Although free-surface 
jets have been studied extensively, existing models 
are either too complex for use or do not consider 
all relevant parameters: surface tension, 
dissipation, flow rate, gravity, and nozzle & jet 
geometry. Recently, the authors have shown that 
the stagnation-zone heat transfer is dictated solely 
by the jet's centerline velocity upon impingement, 
and that going between the limiting cases 
(parabolic profile vs. uniform velocity) 
corresponds to a two-fold increase in heat transfer. 
In the present study, this analysis is extended to 
develop a first-order analytical approximation, 
valid not only for the limiting cases, but over the 
entire intermediate profile range.  
For model validation, direct numerical simulations 
were conducted, through which it is shown that the 
jet's velocity profile development in the nozzle and 
its relaxation during free "flight" are dependent on 
a single self-similar scale: distance travelled 
normalized by the nozzle diameter and Re number.  
 
METHOD 
Numerical simulations for the axisymmetric 
straight pipe flow are performed by solving the 
fully incompressible single phase Continuity and 
Navier-Stokes equations for mass and momentum, 
in a commercially available finite elements 
package - COMSOL. The present problem is 
solved in an axisymmetric two-phase quasi-two-
dimensional domain (shown in Fig.1). 
The two-phase simulation was conducted with a 
pipe-inlet condition of a uniform velocity. 
Sweeping the simulations over various Reynolds 
numbers, allows for varying levels of velocity 
profile development before the jet begins its flight. 
Alongside the two-phase simulation, a micro-scale 
experiment (setup shown in Fig. 2) of jet flight 
was conducted with accurate flow measurement. 
For capturing the Jet contraction, a high speed 
(1kfps) camera was employed, with a spatial 
resolution of better than 3um/px. 

RESULTS 
Simulations were verified through grid 
independence and validated against literature, as 

well as our own experiments at previously 
unexamined conditions. Fig. 3 shows a simulation 
and experiment side-by-side visualization of the jet 
exiting the pipe. Additional, detailed validation of 
the simulation was conducted against full velocity 
profile evolution. 

  

 
Fig. 1.  Pipe flow computational domain 

 
 
 

 
     
 
 
 
 
 
 
 
 
 
 
       Fig. 2. Experimental schematic with real-time visualization 

For practical use, it would be convenient to 
express the entire jet’s evolution as the dynamic 
response of a first-order system (liquid) to a 
change in boundary conditions:  
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Where B is the property of interest (here 
dimensionless centerline velocity, U=uc/uav) and 



C=1/τ is the rate of change. From Fig. 4 it is seen 
that a self-similar curve is closely predicted with 
Bi=Ui =1, Bf= Uf =2, t=Z =z/D⋅Re and C=75 for 
pipe flow. The curve is also in good agreement 
with present simulations and previous data from 
the literature. 

 
Fig. 3. Jet surface contraction at Re = 1800: a) numerical 
simulation; b) experimental observation (shadowgraph) 
 

 
Fig. 4. Experimental schematic with real-time visualization 
 
As the jet emerges from the pipe-type nozzle it 
undergoes two processes – viscous relaxation of 
the velocity profile and jet contraction, 
simultaneously. For model development 
convenience these phenomena are separated. From 
Figs. 5 and 6 it is seen that a contraction curve is 
closely predicted for various Re and We numbers, 
as well as accounting for gravity, with Bi=Ri =1, 
Bf= Rf, t=X =x/D⋅Re and C=174 for contraction. 
 
Finally, the viscous relaxation during flight is 
found to be well described by: Bf=Uf =1, Bi= Uz 
(1< Uz<2), depending on velocity profile 
development in pipe, t=X=x/D⋅Re and C=50. Fig 7 
shows the free-flight centerline velocity evolution 
(for various levels of pipe-flow development) 
predicted by superimposing the viscous relaxation 
with the previously found contraction model. 

 
Fig. 5. Jet contraction prediction under various levels of 
dissipation (Re=17-520) vs. experiments and theory (full-
numerical) 

 
Fig. 6. Jet contraction prediction under various levels of surface 
tension (Re=200) , without gravity  

 
Fig. 7. Decay of centerline velocity during flight, for various 
levels of development (Z), 78 < Re < 2000, 4 < x/d < 110., * - 
We → ∞ (Rohlfs 2014); Present simulations: ◊ - Re = 800, We 
= 44; Ο - Re = 1400, We=135;  ∆ - Re = 1800, We = 227. 

DISCUSSION 
A combined numerical, experimental and 
analytical effort has been presented for the 
modeling of the evolution of a liquid jet, from its 
flow in a pipe-type nozzle, through its flight and 
up until impingement. The model incorporates 
self-similar scales and allows for different length 
nozzles, jet to plate spacing, flow rates and liquids.  
This model serves as a powerful flow design tool, 
and lays a foundation for a planned heat transfer 
model. This tool allows engineers to employ the 
insights gained from a comprehensive 
computational study, while requiring little more 
than a pen and paper.   


	Physics of Fluids Journal article summery following the Boris Mints Institute for Strategic Policy Solutions to Global Challenges 2016 grant

