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Experimental and numerical study  
of gas jet cooling at high Reynolds 
number*

In order to achieve the necessary strip cooling rates for today’s high strength steels, values as high 
as 110-120°C/sec are needed to obtain the necessary temperature drop, typically between 800 and 
250°C. This requires removal of about 350KW/m2 per side of the strip. For galvanised strip which 
cannot be quenched by water for surface quality reasons, specific gases are used. This requires a very 
high heat transfer coefficient in the range of 650 to 750KW/m2²depending on the temperature of the 
gas used. Laboratory experiments with air and computer modelling are described. 

* is an important dimensionless quantity in fluid mechanics used to help predict flow patterns in 
different fluid flow situations

Due to the demand for lean composition multi-phase 
high strength steels by the automotive industry, the 

cooling rate after annealing has increased dramatically over 
recent years. In the 1980s, the standard cooling rate was in 
the range of 50°C/sec for 1mm strip thickness. This was 
to promote the precipitation of carbon during overageing 
in order to make DDQ (deep drawing quality) grades, a 
material with excellent formability. Today, values as high 
as 110-120°C/sec are demanded for a temperature drop 
typically between 800 and 250°C. This requires removal of, 
on average, 330 to 360KW/m2 per side of the strip. 

Such high cooling rates are quite easy with water thanks 
to boiling as well as its high specific heat capacity. However, 
this method is not possible for hot dip galvanised steels 
due to the fact that the surface cannot be oxidised before 
dipping to ensure good coating adhesion and surface quality. 
Therefore, the present technology consists of blowing a non-
oxidising gas at high velocity on the hot surface located 
very close to the nozzle. The exit velocity from the nozzles 
typically ranges from 100 to 150m/sec and nozzle to strip 
distance is as low as 40mm. 

Cooling by gas convection is well known and in order to 
reach 350KW/m2 the average heat transfer coefficient has 
to be in the range of 650 to 750KW/m2 depending on the 
blown gas temperature.

The available published work for high heat transfer 
coefficients is, however, limited. The Martin correlations [1] 
are well known and used for both slot and round nozzles, 
but they have some limitations for round nozzles: 
`  The correlations are valid for a Reynolds number below 

100,000.
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`  Distance to diameter ratio (Z/D) between 2 and 12. It 
is however worth noting that Attalla [2] shows that the 
coefficient is maximum for a ratio of 6.

`  The correlations from Martin have been identified by 
mass transport analysis and so are not real heat transfer 
measurements.

`  The case of a high temperature difference (higher than 
400°C) between the strip and the gas is not considered.

The work described here had the objective to determine the 
heat transfer coefficient as well as the Nusselt number, used 
in fluid dynamics to determine the ratio of convective to 
conductive heat transfer at a boundary in a fluid, that is 
required for Reynolds numbers up to 150,000 with an array 
of round nozzles. The investigated range of Z/D is from 
5 to 6 which corresponds typically to an industrial design 
with 14mm nozzle diameter blowing on a strip at 70-85mm 
distance.

ADDrESSing ThE probLEm
The methodology followed consists of a laboratory 
experimental approach and use of computational fluid 
dynamics (CFD). This is because it is impossible to 
characterise and measure in the laboratory the industrial 
situation where the cooling section may be as large as 
20m long for a strip width up to 2m. An example of a 
typical industrial blowing plenum is shown in Figure 1. The 
laboratory experimental design as described below, has the 
objective to measure the average heat transfer coefficient 
in a ‘cell’ and compare the results with published data 
as well as numerical results done on a similar design  
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(see Figure 2). The laboratory experiments are, of course, 
done using air and the prediction for a hydrogen and 
nitrogen mixture is done by using the Nusselt approach 
and the physical properties of the gas used.

The numerical approach was conducted to compare the 
computed heat transfer coeffi cient and then estimate the 
reliability of the results obtained with the classical published 
model [1]. This is key because CFD is the only way to 
estimate the industrial heat transfer on a full strip width 
when hydrogen is used as well as high strip temperature 
both of which are impossible to test at laboratory scale.

MEASUREMENT OF HEAT TRANSFER 
Measurements of the heat transfer coeffi cient were 
performed using quantitative infrared thermography. The 
investigation was focused on an ARN confi guration (array 
of round nozzles and equilateral pitch), consisting of 
one central jet surrounded by six additional as shown in 
Figure 3.  The arrangement has the following geometrical 
characteristics:
`  Diameter of the nozzle: D=14mm 
`  Stand-off distance: Z=50, 70 and 85mm
`  Nozzle spacing: W=70mm. 

 The fl at plate on which the jets are impacting is uniformly 
heated by the Joule effect. The heat input is constant and 
fi xed at 4,300W/m2. The strip temperature is measured 
by an infrared camera. The thermograms are analysed by 
an in-house DIP (Direct Inlet Probe) program allowing the 
determination of the heat transfer coeffi cient knowing 
the imposed heat fl ux and the incoming jet temperature 
measured inside the plenum. 

The strip emissivity was checked by comparing the strip 
temperature measured either with thermocouples or an 
infrared camera. Tests were performed for Reynolds numbers 
ranging from 40,000 to 160,000, based on the mass fl ow 
passing through the tubes. The test bench with the different 
elements is illustrated in Figure 4. 

Two different confi gurations were tested: A standard 
confi guration perpendicular to the target with a normalised 
standoff distance Z/D varying from 3.5 to 6. The second 
confi guration consists of a 10° inclined plate keeping a 
constant Z/D for the different jets in which the nozzle to strip 
distance is constant for all nozzles. The two confi gurations 
are shown in Figure 5 with a typical heat transfer map 
obtained for a Reynolds number of approximatively 80,000. 
Corresponding temperature profi les along the centreline are 
also plotted. In the perpendicular confi guration, a symmetric 
map of heat transfer coeffi cient was obtained. 

The mean heat transfer value is extracted from a hexagon 
geometry centred on the geometrical impact point of 
the central jet, as illustrated in Figure 3. Values of mean 
heat transfer coeffi cient were obtained as function of the 

r Fig 1 Typical section of an industrial cooling box, 
3m high, 2m wide

r Fig 2 Geometry of a typical cell (7 jets) and fl ow 
structure of the impinging jets

r Fig 3 ARN
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Reynolds number and used as quantitative data to compare 
with correlations and CFD results.

In the second confi guration (right part of Figure 5), all the 
seven different jets produce similar maximum heat transfer 
coeffi cients, but we observe asymmetry in the shape of the 
heat transfer map, linked to the inclination.  The effect of 
the plate inclination can clearly be seen on the imprint of 
the central jet. In addition, it turns out that the heat transfer 
is better on the inclined strip than on the classical case 

When blowing at high Reynolds numbers, the heat transfer 
coeffi cients are very high and therefore the temperature 
differences between the incoming jet and the heated plate 
decrease signifi cantly, especially at the impact point. To 
guarantee enough accuracy for the determination of the 
heat transfer coeffi cient, it was verifi ed that the minimum 
∆T was always higher than 10°C. Repeat tests have shown 
an estimated error of +/- 5%. 

THE CFD APPROACH
CFD simulations were performed in parallel to the 
laboratory experiments. The geometry of the computation 
domain follows exactly the geometry of the experimental 
set-up.  Figures 6 and 7 show the computation domain of 
the two confi gurations with the fl ow structure of the central 
jet illustrated by coloured path lines. The inclination of the 
plate has an effect on the fl ow structure.

The mesh used in the CFD approach combines hexahedral 
elements and tetrahedral elements with a fi ne refi nement 
close to the walls. The design has a total of 4,480,000 cells 
with a cell wall distance as low as 10µm on the area where 
the heat transfer is computed. 

Simulations have been performed for different Reynolds 
numbers by changing the inlet mass fl ow of each tube and 
for different stand-off distance between the outlet of the 
tubes and the heated plate. Mean heat transfer coeffi cient on 
the same hexagon defi ned from the laboratory investigation 
was extracted from the numerical simulation.

The fl ow structure of Figure 6 has been validated using 
simple wool visualisation as illustrated in Figure 8. The piece 
of wool is indicated by the white arrow.

RESULTS AND DISCUSSION
A detailed presentation of the results is inappropriate for 
this article, but in summary they are: 
`  The measured heat transfer is higher for an inclined 

plate than a perpendicular one. This can explained by 
the totally different structure of the fl ow as shown in 
Figures 6 and 7.

`  For all cases the exponent in the power correlation is 
much lower than that predicted by Martin: 0.35 to 0.5 
versus 0.68 for Martin.

`  Measurement and CFD give similar values in case of 
Reynolds numbers of 80,000 and 70mm distance. 

r Fig 5 Typical results Re=77,000, distance 85mm

r Fig 6 Perpendicular confi guration

r Fig 4 Laboratory test bench

r Fig 5 Typical results Re=77,000, distance 85mm

r Fig 6 Perpendicular confi guration
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`  The dependence with distance obtained by CFD follows 
the same rule as that obtained by Martin (exponent 
~-0.45) but the Martin values are lower than the 
CFD ones.

Figure 9 shows the different results obtained for a stand-off 
distance of 70mm (Z/D=5).  Martin’s correlation applied 
to this ARN confi guration gives the lowest value of heat 
transfer coeffi cient and the exponent in the correlation is 
equal to 0.66. The different experimental points show that 
at low Reynolds number, higher heat transfer coeffi cients 
have been measured compared to Martin’s correlation 
while, when the Reynolds number is above 80,000, the 
heat transfer coeffi cient is getting closer to the values of 
the correlation but lower than those computed by CFD. The 
exponent in the experimental data correlation is reduced 
to a value of 0.41. Heat transfer coeffi cients obtained by 
CFD simulations are higher than Martin’s correlation with 
an exponent of 0.57 for the inclined confi guration and 
of or 0.69 for the perpendicular confi guration. However 
when the distance is increased to 85mm the CFD results 
show that the inclined confi guration gives better heat 
transfer (see Figure 10).

Therefore, great care should be taken when using CFD 
for the design of a system working at Reynolds number 
above 80,000. CFD simulation with a classical steady state 
approach and a K-Omega turbulence model over-predicts 
the heat transfer coeffi cient.

LOOKING AT THE INDUSTRIAL SITUATION 
From the previous results, it turns out that the target heat 
transfer coeffi cient in the range of 650 to 750W/m2/°K 
cannot be reached with air or with pure nitrogen. It is 
however, well known that a mixture of H2 and N2 signifi cantly 
improves the heat transfer thanks to the high conductivity of 
hydrogen. Therefore, the prediction of the capable cooling 
rate can be obtained by applying the correction based on 
the Nusselt approach: 

h(HNX)=h(N2)*(Conductivity(HNX))/(Conductivity(N2))

Figure 11 show the benefi t that can be obtained by HNX: with 
a mixture containing 20%H2; the heat transfer coeffi cients 
are multiplied by about a factor of 2. Therefore, using for 
example the results of Figure 9, the heat transfer coeffi cient 
of 700W/m2/°K can be obtained with a Reynolds of 
100000 and only with 20%H2.

THE REYNOLDS QUESTION FOR HIGH STRIP 
TEMPERATURE
The literature as well as our experiments investigated the 
effect of Reynolds on the heat transfer coeffi cient. This 
dimensionless number is well known and describes the ratio 

r Fig 7 Inclined confi guration

r Fig 8 Wool visualisation

r Fig 9 Results for Z/D=5 and air

r Fig 7 Inclined confi guration

r Fig 8 Wool visualisation

r Fig 9 Results for Z/D=5 and air

r Table 2 Heat transfer coeffi cient for inclined 
plate, 70mm distance
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CFD simulations using two different strip temperatures 
have been conducted with fi xed mass fl ow and  for both 
air and a mixture of N2 and 30%H2. It turns out that the 
computed heat transfer coeffi cient is about 10% higher 
for a low strip temperature than a hot one and this is true 
for both air and HNX mixtures. 

CONCLUSIONS
The heat transfer coeffi cients of an array of round nozzles 
blowing on a surface perpendicular to  and with a 10° 
angle have been investigated experimentally and with 
steady state CFD for a Reynolds number range as high 
as 150,000. The nozzle to strip distance ratio varied from 
5 to 6. The situation of a cold gas cooling a hot surface 
was also addressed. The results can be summarised as 
follows:
`  The laboratory heat transfer coeffi cients using air and 

CFD results are quite similar for Reynolds numbers 
below 100,000. Over that value, CFD gives signifi cantly 
higher values than those measured. The exact cause 
needs to be investigated.

`  This difference can currently not be explained, but cannot 
be attributed to errors in the measuring technique. Some 
unsteady simulations with less turbulence need to be 
made to clarify this.

`  The CFD results show that the heat transfer coeffi cient is 
about 10% higher when the steel is at 350°C compared 
to 650°C.

`  The target value of 650 to 750W/m2/K is not reached 
when using air or nitrogen but can be with a mixture 
of N2+20%H2 with nozzle to strip distance ratio of 
5 to 6.  

`  Great care should be taken when using CFD for the 
design of a system working at Reynolds number above 
80,000 as it over-predicts the heat transfer coeffi cient.

`  The desired heat transfer coeffi cient of 750KW/m² was 
not achieved with the experimental setup. MS
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of the fl uid dynamic versus the viscous resistance. It can be 
calculated for a round nozzle by:

Re=gas_density*(Velocity*Nozzle diameter)/
(gas_viscosity)=
(gas_massfl ow*4)/(Nozzle diameter*π*Viscosity)

The formula is also use to correlate Reynolds with Nusselt to 
solve the problem a gas conductivity but the heat transfer 
coeffi cient is found by solving for h:

Nu=h*(Nozzle diameter)/(gas conductivity)

The convection coeffi cient depends on the heat conduction 
through the boundary layer that is defi ned by the gas 
impact.

It is well known that the gas density as well viscosity 
and conductivity vary with temperature, however, in an 
industrial situation of fast cooling after annealing, the 
substrate to cool is at high temperature. 

r Fig 11 Multiplication factor of heat 
transfer coeffi cient for HNX mixtures

r Fig 10 Results for Z/D=6 and air




