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a b s t r a c t 

Suspension high velocity oxy fuel thermal spray is a system characterized by supersonic velocities and 

length scales of particles of the order of nm – μm. As the effects of rarefication become significant the 

assumptions within the continuum models begin to collapse, the effects of rarefication can be evaluated 

through the flow Knudsen number. Modifications to the numerical modelling must be made to incorpo- 

rate the effects of rarefaction. This study looks to include the effects of rarefication into the computational 

fluid dynamics (CFD) models for the suspension high velocity oxy-fuel (SHVOF) thermal spray process. A 

model for the heat transfer coefficient that take into account the Knudsen and Mach number effects is 

employed. Finally, the Ranz-Marshall correlation for the Nusselt number is compared to the Kavanau cor- 

relation and a compressible Nusselt number correlation. The model is validated through comparisons of 

particle temperatures which are obtained from two colour pyrometry measurements using a commer- 

cially available Accuraspray 4.0 diagnostic system. This study shows that there is a significant improve- 

ment in the prediction of inflight particle temperatures when accounting for the effects of compressibility 

and the effects of rarefication on the Nusselt number. 

© 2020 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Suspension high velocity oxy fuel thermal (SHVOF) spray is a

ethod of deposition of nanoparticles onto the surface of a sub-

trate to form a protective coating. Typically, in SHVOF thermal

pray premixed fuel and oxygen is injected into a combustion

hamber where the mixture undergoes combustion. The suspen-

ion is then injected axially into the combustion chamber where it

ndergoes primary breakup, secondary breakup and evaporation.

he particles within the suspension are released into the gas flow

here they are heated and accelerated and finally the nanoparti-

les are deposited onto the surface of a substrate forming a coat-

ng. 

There is a significant body of modelling literature investigat-

ng what effect varying different parameters have within SHVOF

hermal spray. Tabbara et al. [1] looked at injecting water droplets

nto the combustion chamber, to investigate the effect the initial

roplet diameter has on the evaporation rate. Mahrukh et al. [2–

] . looked at the effect different axial injection types, models for

uspension properties and the effect of an atomization model on

he droplet breakup and evaporation rates. Taleby et al. [5] inves-
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igated the effect of gas flow rate, suspension flow rate, droplet

iameter and the droplet velocity for an axial injection of ethanol

roplets. Jadidi et al. [6] . looked to compare inflight particle ve-

ocities and temperatures to that of experimentally obtained val-

es [7] from the Accuraspray G3 diagnostic system from Technar

Saint-Bruno-de-Montarville, Canada) [8] . Jadidi’s SHVOF thermal

pray model found a discrepancy between the Ranz-Marshall cor-

elation and the Accuraspray measurements by approximately by

00 K. 

The aim of this study is to evaluate the effectiveness of three

ifferent Nusselt number correlations in order to better predict in-

ight particle temperatures. With more applicable Nusselt num-

er correlations this study aims to address the underprediction

or inflight particle temperatures reported within SHVOF litera-

ure. For the numerical model, commercial CFD software Ansys

luent V19.0 [9,10] (Pennsylvania, USA) is employed. The numer-

cal model is validated using a two colour pyrometry measure-

ents of the inflight particle velocity and temperature. For the

xperimental investigation the Accuraspray 4.0 system from Tech-

ar (Saint-Bruno-de-Montarville, Canada) is employed to obtain in-

ight velocity and temperature measurements of the particles. The

nflight particle velocities and temperatures from CFD are com-

ared to the experimental measurements obtained by Accuraspray
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Nomenclature 

A Surface area 

C 1 Calibration constant (9.352 ×10 −7 w. m 

−2 ) 

C 2 Calibration constant (1.439 ×10 −12 m.k) 

c p Specific heat capacity 

d Diameter 

h Heat transfer coefficient. 

h vap,i Latent heat i th species 

I Intensity 

k Thermal conductivity 

Kn Knudsen Number 

L Latent heat of fusion 

m Mass 

Ma Mach number 

Nu Nusselt number 

Nu 0 Incompressible Nusselt number 

Pr Prandtl number 

Re Reynolds number 

T Temperature 

t Time 

�
 u Velocity 

ρ Density 

μ Dynamic viscosity 

γ Ratio of specific heats 

λ Wavelength 

� Molecule mean free path 

ε Emissivity 

Subscript 

d Particle at diameter 

i Species 

∞ Gas 

p Particle 

To determine the temperature of particles within SHVOF ther-

mal spray it is necessary to determine the particle heat trans-

fer coefficient. Traditionally in SHVOF thermal spray modelling the

analysis on the heat transfer coefficient is computed from the

Ranz-Marshall [11] correlation for the Nusselt number. The Ranz-

Marshall correlation was developed from droplet evaporation ex-

periments at low Reynolds numbers and low Mach numbers for

application to spray drying [11,12] . Experiments to determine the

heat transfer coefficient and the evaporation rate of droplets were

conducted at varying Reynolds numbers from 0 – 200. The popu-

larity of this correlation arose from its simplicity and the fact that

it was stated that the correlation extrapolates well five times above

the range of Reynolds numbers at which the experiments were

conducted, however the results for this claim were not corrobo-

rated within the paper [11] . The Ranz-Marshall correlation does

not account for the Mach number effects on the heat transfer to

particles. SHVOF thermal spray is a process characterised by gas

velocities within the range of 1250 – 1750 m/s and gas tempera-

tures within the range of 2200 K – 3500 K. A characteristic feature

of SHVOF thermal spray are the shock diamonds witnessed within

the free jet region as the flow is under expanded at exit. The ef-

fects of compressibility alter the behaviour of the flow for particle

laden flows and hence must be evaluated. 

The Knudsen number, Kn, can be used to evaluate the effects

of rarefication on a flow. As the Knudsen number increases the

effects of rarefaction become significant and non-continuum

effects must be considered. For particle laden flows, as the Kn

number increases into the slip flow regime, the first observable

non continuum effect occurs on the surface of the particles. A

temperature and velocity jump is apparent on the surface of
articles [13] . As the Knudsen number increases further into the

ree molecular flow regime there is no interaction between gas

olecules approaching the surface of the particles and those leav-

ng the surface. Hence, the gas molecules arriving at a surface will

ave the full freestream velocity. Fig. 1 distinguishes the different

ow regimens within rarefied flows it also shows the change in

he flow profile on the particle surface for the different regimes. 

n = 

�

d p 
≈

√ 

πγ

2 

(
Ma 

R e p 

)
(1)

Kavanau et al. [14] derived the heat transfer coefficient of

pherical particles within the slip flow regime and derived a Nus-

elt number correlation for application to particles within a rar-

fied gas flow. Kavanau provided an alternative Nusselt correlation

hat accounts for the effect of rarefaction on the Nusselt number,

hich is given by Eq. (5) in the modelling section (2) . The corre-

ation proposed by Kavanau et al. asymptotically approaches the

alue predicted by Sauer et al. [15] for free molecular flow for

arge Kn [16] . Drake et al. measured the heat transfer coefficient

or particles within a rarefied gas in supersonic flow [17] . The data

y Drake et al. has been compared to the correlation by Kavanu

t al. and the correlation is shown to fit well to particles within

 rarefied supersonic flow as well as subsonic flows. The correla-

ion was plotted against experimental measurements for the Nus-

elt number for particles in a rarefied gas in supersonic condi-

ions. The results from Drake et al. and Kavanau et al. with vary-

ng flow Mach number from 0.10 - 6.0 are provided within Fig. 2 .

n alternative Nusselt correlations to the Ranz-Marshall and Ka-

anau correlation has been applied to cold spray and high veloc-

ty oxy fuel thermal spray (HVOF); however, it has not yet been

mployed within SHVOF thermal spray. The compressible correla-

ion provides the Nusselt number as a function of the Mach num-

er. There are a number of Nusselt correlations available in liter-

ture; however, SHVOF thermal spray has solely used the Ranz-

arshal correlation comparing the correlation to other available

usselt number correlations within literature [2,5,18–20] . 

. Numerical Modelling 

A fully structured 3-D mesh of 2.25 million cells is employed

o model the fluid domain. The premixed fuel and air are injected

nto the combustion chamber using an annular inlet located 4 mm

rom the centre of the combustion chamber and with a width of

 mm. A steady state gas flow field is established before inject-

ng the suspension, the suspension is comprised of 80 wt percent

f water and 20 wt percent of Cr 2 O 3 . To model the gas phase the

ontinuity, momentum conservation, ideal gas law, energy conser-

ation, species fraction and the realizable k- ε turbulence model

ith an enhanced wall function are solved for using the SIMPLE

lgorithm and the QUICK scheme for the convective terms [3] . The

etails of the governing equations have been omitted and can be

ound in our prior studies [21,22] . The combustion reaction is mod-

lled using the eddy dissipation concept (EDC) model along with a

etailed reaction mechanism to model the combustion, the reac-

ion mechanism along with its associated chemical kinetics can be

ound within our prior study [22] . The boundary conditions for the

as phase and the discrete phase are outlined in Table 1 . 

The discrete phase is injected using a two-way coupled discrete

article model (DPM) model with a multicomponent injection [23] .

he discrete particle model treats the droplets as point entities

hich are typically much smaller than the mesh resolution. Hence

ith this approach the boundary layer around the particles is not

esolved and instead the boundary layer effects are taken into ac-

ount through the drag and Nusselt number correlations. A multi-

omponent injection is a droplet comprised of N species. The dis-

rete particle model makes the following assumptions [10] : 
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Fig. 1. Effect of Knudsen number on different flow regimes adapted from [13] . 

Fig. 2. Convective heat transfer coefficient for a sphere in a rarefied gas at varying 

Mach numbers fitted to incompressible theory and rarefied theory reproduced from 

[14] . 

Table 1 

Boundary conditions employed within the model. 

Parameters Values Temperature 

Total Gas Flow Rate 0.0059 Kg/s 300 K 

H 2 vol Flow Rate 440 l/min 

O 2 vol Flow Rate 220 l/min 

Outlet Condition Pressure Outlet 300 K 

Equivalence Ratio 1 

Suspension Flow Rate 50 ml/min 300 K 

Wall Boundary Condition 500 K 

Inlet Turbulence Intensity 10% 

Inlet Turbulent Length Scale 7 × 10 −5 m 
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• The discrete phase is dilute such that particle-particle interac-

tions are negligible. 
• The effects of the discrete phase on the continuous phase are

small and are accounted through source terms within the mass,

momentum and energy equations. 
• Discrete particles are modelled as uniform point entities. 
•
 Discrete particles are modelled as spherical bodies. m  
The properties of the droplet such as the specific heat and den-

ity are calculated from the volume average of the various con-

tituent components. The viscosity is calculated using the corre-

ation proposed by Guth et al. [24] to include the effect of the

anoparticles on the viscosity of the droplet. The surface tension

s given by the surface tension of water below the boiling point

f water, and above the melting temperature of Cr 2 O 3 the surface

ension for molten Cr 2 O 3 is employed. The thermal physical prop-

rties of water and Cr 2 O 3 are given in Tables 2 and 3 respectively.

urther information on the governing equations can be found in

ur prior study [21] . 

To model the liquid jet the “blob” method has been employed

25] which is one of the most popular approaches found in liter-

ture due to its simplicity. The jet injection is reduced to an in-

ection of “blobs” with an equivalent diameter of the injector. The

lobs are subject to secondary breakup and evaporation. The cone

njection type consisting of 20 particle streams has been employed

or the suspension injection. A cone angle of 2.6 ° has been calcu-

ated based upon the research of Ranz [26] . The two-way turbu-

ence coupling model has been employed to account for the ef-

ect of the particles on the turbulent kinetic energy field [22] . At

arge Weber numbers the droplet breakup can be characterised by

he KHRT breakup model [1] . The KHRT breakup model assumes

he breakup time and droplet sizes are related to the fastest grow-

ng Kelvin-Helmholtz instabilities on the droplet surface within the

iquid core. Outside of the liquid core it is assumed that breakup

s driven by the aerodynamic forces from the adjacent flow field,

hich results in the Rayleigh–Taylor instabilities facilitating the

reakup of the droplets. The pressure dependant boiling sub-model

as been employed to account for the effect of the pressure vari-

tion within the combustion chamber on the evaporation of the

uspension. The unsteady discrete phase is solved for every 10 gas

hase iterations with a DPM time step of 1 × 10 −5 s. The inverse

istance node-based averaging of the source term is employed to

istribute the DPM source term amongst neighbouring cells [27] . 

The motion of the droplets is given by Newton’s second law,

he significant force acting on the particles being the drag force.

he drag coefficient, C D , is given by the correlation by Crowe

28] which considers the effect of the Mach number, Ma, and the

eynolds number, Re , on the drag coefficient [6] . The particle tem-

erature, T , can be determined from a heat balance assuming no

nternal temperature gradient within the droplet. The energy equa-

ion for the multicomponent droplet is given by Eq. (2) . Where

 p refers to the mass of the particle, h , refers to the heat transfer
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Table 2 

Thermo-physical properties; density, viscosity, specific heat and surface tension of water [3] . 

Property Water Temperature dependant Functions Temperature range (K) 

Density (kg/m 

3 ) ρ l = aT 2 + bT + c 290 – 373 

a = - 0.003 

b = 1.5078 

c = 815.88 

Viscosity (Kg/m.s) μl = aT 2 + bT + c 290 – 373 

a = 1.09 ×10 −7 

b = - 8.11 ×10 −5 

c = 0.0153 

Specific Heat (J/kg.K) Cp l = aT 3 + bT 2 + cT + d 290 - 373 

a = - 2.45 ×10 −5 

b = 0.034 

c = - 14.02 

d = 5993.1 

Thermal Conductivity k = aT 2 + bT + c 250 - 385 

(W/m.K) a = 9.67 ×10 −5 

b = 0.0074 

c = 0.7511 

Surface Tension (N/m) σ l = aT 2 + bT + c 290 - 373 

a = - 2.52 ×10 −7 

b = - 5.41 ×10 −6 

c = 0.096 

Table 3 

Thermo-physical properties of Cr 2 O 3 [38] . 

Property Values Temperature range (K) 

Density (kg/m 

3 ) ρ = 5520 

Specific Heat (J/kg.K) Cp = a + bT 273 – 2705 

a = 715.73 

b = 0.11011 

Cp = 83,225 2705 - 2715 

Cp = 1032 2715 + 

Thermal Conductivity (W/m.K) 22.22 

Surface Tension (N/m) σ = 0.812 2710 + 
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coefficient, A p refers to the surface area of the particle, T ∞ 

refers

to the gas temperature, h vap, i refers to the latent heat of vaporisa-

tion and the rate of change of 
d m i 
dt 

refers to the evaporation rate.

The heat transfer coefficient is computed from the Nusselt num-

ber, Nu , the particle diameter, d p and the thermal conductivity of

the gas, k ∞ 

which is shown in Eq. (3) . For this investigation three

different Nusselt correlations are evaluated. The Ranz-Marshall cor-

relation determines the Nusselt number from the Reynolds number

and the Prandtl number, Pr , which is given by Eq. (4) . 

m p c p 
dT 

dt 
= h A p ( T ∞ 

− T P ) + 

∑ 

i 

d m i 

dt 

(
h v ap,i 

)
(2)

h = 

Nu k ∞ 

d p 
(3)

Nu = 2 . 0 + 0 . 6 Re 0 . 5 p P r 1 / 3 (4)

The Kavanau correlation [29] accounts for the effects of rarefi-

cation and high Mach number effects on the Nusselt correlation,

this model is given by Eq. (5) . The Ranz-Marshall correlation is em-

ployed for the incompressible Nusselt number, Nu 0 . 

Nu = 

N u 0 

1 . 0 + 3 . 42 N u 0 
Ma 

R e p P r 

(5)

An additional correlation for the Nusselt number that is often

used in HVOF and cold spray modelling but has not yet been ap-

plied to SHVOF provides the Nusselt number as a function of the

Mach number. The compressible correlation [30] which accounts

for the effects of Mach number but not that of rarefication on the

heat transfer and is given by Eq. (6) . This expression is valid for
ases where the Mach number exceeds 0.24 and the gas tempera-

ure is greater than the particle temperature. The particle Reynolds

umber and the gas Prandtl number are given by Eq. (7) and 8 re-

pectively. Where ρ refers to the density of the gas, ( � u p − �
 u ) refers

o the magnitude of the difference of the particle velocity and gas

elocity respectively and μ refers to the dynamic viscosity of the

as. 

u = 2 . 0 + 0 . 4 Re 0 . 5 p P r 1 / 3 exp ( 0 . 1 + 0 . 872 Ma ) (6)

e = 

ρ d p | � u p − �
 u | 

μ
(7)

 r = 

c p μ

k ∞ 

(8)

To account for the melting an effective specific heat capacity

odel is employed. The effective specific heat capacity method ad-

usts the specific heat capacity, c p , to account for the latent heat of

usion, L , required to melt solid Cr 2 O 3 . The effective specific heat

apacity is calculated using Eq. (9) [31,32] where the subscripts s

nd l refer to the specific heat capacity for the solid and liquid

hases respectively. 

 p = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

c p C r 2 O 3 s , T < T 1 
1 

2 

(
L 

T 2 − T 2 
+ c p C r 2 O 3 s + c p C r 2 O 3 l 

)
, T 1 ≤ T < T 2 

c p C r 2 O 3 l, T ≥ T 2 

(9)

. Experimental Methodology 

The inflight particle velocities and temperatures are mea-

ured using the Accuraspray 4.0 device (Technar, Saint-Bruno-de-

ontarville, Canada) [8] . The Accuraspray system measures the

nsembled average of the inflight particle velocity and tempera-

ure. Fig. 3 shows the Accuraspray system in operation with the

HVOF thermal spray gun. The measurements are taken using a

wo colour pyrometer that evaluates the radiation intensity from

he particle at two wavelengths. Planks law describes the radiation

mitted from a body which is given by Eq. (10) . Where, I , refers to

he radiation intensity at a wavelength, λ, for a body at tempera-

ure, T , with an emissivity, ε, C 1 and C 2 are calibration constants.

he radiation intensity is measured at two wavelength ( λ1 and λ2 )

nd the temperature can be determined from Eq. (11) [33] . 

 ( λ, T ) = ε 
C 1 
λ5 

1 

exp 

(
C 2 
λT 

)
− 1 

dλ (10)
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Fig. 3. Accuraspray 4.0 system in operation with an SHVOF thermal spray gun. 

Fig. 4. Accuraspray 4.0 positioning to the SHVOF thermal spray gun. 
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Fig. 5. Particle size distribution of Cr2O3 particles in the suspension. 

Fig. 6. Centreline Gas temperature for the three Nusselt correlations evaluated. 
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 = 

C 2 ( λ1 − λ2 ) 

λ1 λ2 

[
ln 

(
λ1 

λ2 

)
+ 5 ln 

(
λ1 

λ2 

)]−1 

(11) 

The particle velocity is determined using a “time of flight” ap-

roach [34] , where the radiation emitted from the particles is de-

ected at two locations parallel to the direction of travel of the

articles. The distance between the two measurement locations is

nown and hence from the time delay between the two corre-

ponding signals the velocity can be determined [33] . 

The Accuraspray sensor is placed at the measurement locations

75, 100, 125 and 150 mm) downstream from the SHVOF gun exit.

he sensor is placed at a distance of 200 mm radially from the jet

xis [35] as shown in Fig. 4 . A 75-kW flame is established with the

ow rates outlined within table one and a suspension comprised of

0% H 2 O and 20% Cr 2 O 3 is injected at a flow rate of 50 ml/min into

he centre of the combustion chamber, the Neoxid (C101S) suspen-

ion was obtained from Millidyne (Finland). The particle size dis-

ribution for Cr 2 O 3 within the suspension is given by Fig. 5 . The

article size distribution in the suspension was measured with a

aser diffraction technique. The measurements for the inflight par-

icle velocity and temperature are obtained at the various standoff

istances. 

. Results and discussion 

Fig. 5 shows the particle size distribution for Cr 2 O 3 within

he suspension. Two peaks are seen within the distribution as

ne peak correlates to the non-agglomerated particle distribu-

ion, nominal particle size from the supplier is 500 nm which

orresponds to the initial peak. The second peak corresponds to

articles that have agglomerated within the suspension. Fig. 6

hows the centerline gas temperature predicted by the Ranz–

arshall, Kavanau and the compressible correlations. From Fig. 6 ,

t can be seen that both the Kavanau and the compressible corre-

ation predict a very similar temperature while the Ranz–Marshall

orrelation predicts a significantly higher gas temperature within

he combustion chamber and a lower gas temperature within the
arrel and the free jet. The heat transferred to the suspension

s proportional to the heat transfer coefficient, Eq. (2) . Kavanau

t al. [14] , Drake et al. [17] evaluated the heat transfer coefficient

o particles within high Mach flows. These studies demonstrated

hat the incompressible correlations for the Nusselt number such

s the Ranz-Marshall correlation overestimate the heat transfer

oefficient. An overestimate of the heat transfer coefficient will

esult in a lower delayed evaporation rate and hence higher

as temperatures within the combustion chamber and will over

redict the heat removed from the gas and hence a lower gas

emperature within the barrel and the free jet. 

Fig. 7 shows the centerline evaporation rate predicted by

he Ranz–Marshall, Kavanau and Compressible correlations. From

ig. 7 , it can be seen again that a very similar evaporation rate

rofile is predicted by the Kavanau and the compressible corre-

ation. Both the correlations predict a maximum centreline evap-

ration rate within the combustion chamber of approximately

.2 × 10 −8 kg/s. While the Ranz–Marshall correlation predicts a

ower maximum evaporation rate of under 2.0 × 10 −8 kg/s. In ad-

ition to this, it can be seen from Fig. 7 that the compressible cor-

elation predicts evaporation to commence soonest at a distance of
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Fig. 7. Centreline evaporation rates for the three Nusselt correlations evaluated. 

Fig. 8. Average inflight particle temperatures for the three Nusselt correlations 

considered, particle temepratures were averaged at the locations indicated on the 

graph by the points. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Average inflight particle velocities for the three Nusselt correlations consid- 

ered, particle velocities were averaged at the locations indicated on the graph by 

the points. 
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80 mm (inside the nozzle) from the nozzle exit. The Kavanau cor-

relation predicts evaporation to commence at 60 mm (inside the

nozzle) from the nozzle exit. While the Ranz–Marshall correlation

predicts the evaporation to continue all the way to 200 mm (out-

side the nozzle) from the nozzle exit. Typical standoff distance for

SHVOF thermal spray is 85 mm from the nozzle exit and hence

this correlation predicts that moisture will still be present within

the particles as they deposit onto a substrate. The reduction in the

gas temperature within the free jet region seen in Fig. 6 for the

Ranz-Marshall correlation is in large part a result of the heat re-

quirement to vaporize the liquid. 

Fig. 8 show the average inflight particle temperature predicted

by the three different Nusselt correlations. It can be seen from

Fig. 8 that the compressible correlation predicts the highest aver-

age particle temperature and lowest average particle temperature

is predicted by the Ranz–Marshall correlation. This corresponds to

the evaporation rate where both the model predicting evaporation

to commence soonest results in the highest particle temperature.
he compressible correlation allows the particles more time for

eating as evaporation commences earliest and hence predicts the

ighest temperature. The Ranz–Marshall correlation predicts evap-

ration to commence later than the other two correlations which

eaves the shorter duration for particle heating. Hence, the Ranz–

arshall correlation predicts the lowest average inflight particle

emperatures. 

Fig. 9 show the average inflight particle velocities predicted

y the three different Nusselt correlations. It can be seen from

ig. 9 that the Kavanau and compressible correlation predict a very

imilar inflight particle velocity. While the Ranz-Marshall correla-

ion deviates from the other two correlations within the free jet.

he effect of the Nusselt number does not affect the particle tra-

ectory to any significant degree. This is expected as particle trajec-

ories are largely determined by the turbulent fluctuations within

he velocity field and do not depend upon the Nusselt number cor-

elation. 

Fig. 10 (a), (b) and (c) shows the particle temperature distribu-

ion predicted from the Ranz–Marshall (a), Kavanau (b) and the

ompressible (c) correlations at 85 mm from the nozzle exit. Com-

aring the particle temperature distribution for the Ranz-Marshall

a), Kavanau (b) and the compressible (c) correlations it can be

een that there are drastically different particle distributions pre-

icted by the three correlations. The Ranz–Marshall correlation

redicts the widest range of particle temperatures; the model pre-

icts particle temperatures ranging from 10 0 0 K up to 250 0 K.

he Kavanau correlation predicts a particle temperature distribu-

ion ranging from 1800 K – 2500 K. The compressible correlation

redicts a very narrow particle temperature distribution predicting

ll particles have a temperature of around 2400 – 2500 K. 

Fig. 11 (a), (b) and (c) shows the particle liquid mass fraction

istribution predicted from the Ranz–Marshall (a), Kavanau (b) and

he compressible (c) correlations at 85 mm from the nozzle exit.

omparing the distribution of the mass fraction it can be seen that

he distribution predicted from the Ranz–Marshall correlation dif-

ers significantly from the other two correlations. The Ranz Mar-

hall correlation predicts that over 50% of the particles will have

ome moisture retained within the droplet upon impacting the

ubstrate. The significantly lower average temperature seen by the

anz-Marshal correlation in Fig. 10 is a result of the high degree

f particles that have not fully vaporised their liquid component.
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Fig. 10. Particle temperature distribution predicted from the Ranz – Marshall (a), Kavanau (b) and compressible (c) correlations at a standoff distance of 85 mm. 

Fig. 11. Particle liquid mass fraction distribution predicted from the Ranz – Marshall (a), Kavanau (b) and compressible (c) correlations at a standoff distance of 85 mm. 

O  

m  

p  

m  

v  

i  

 

t  

t  

I  

l  

v  

t  

d

 

t  
ver 50% of suspension droplets contain some degree of volatile

aterial. The high moisture content particles are unlikely to de-

osit onto the substrate to form a well adhered coating hence, this

odel suggests a much lower deposition efficiency. Both the Ka-

anu and the compressible correlations predict that the particles

mpacting the substrate will not contain any moisture within them.

Fig. 12 (a), (b) and (c) shows the inflight particle velocity dis-

ribution predicted from the Ranz–Marshall (a), Kavanau (b) and
he compressible (c) correlations at 85 mm from the nozzle exit.

t can be seen that both the Kavanau and the compressible corre-

ation provide a very similar velocity distribution with the particle

elocity spanning 800 – 900 m/s while the Ranz-Marshall correla-

ion deviates significantly from the other two correlations with a

istribution spanning 900 – 100 m/s. 

Fig. 13 (a), (b) and (c) shows the particle diameter distribu-

ion predicted from the Ranz–Marshall (a), Kavanau (b) and the
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Fig. 12. Inflight particle velocity magnitude distribution predicted from the Ranz – Marshall (a), Kavanau (b) and compressible (c) correlations at a standoff distance of 

85 mm. 

Fig. 13. Inflight particle diameter distribution predicted from the Ranz – Marshall (a), Kavanau (b) and compressible (c) correlations at a standoff distance of 85 mm. 
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compressible (c) correlations at 85 mm from the nozzle exit. It

can be seen that both the Kavanau and the compressible correla-

tion provide a very similar particle diameter distribution with the

particle diameters ranging from 7.5 μm – 12.5 μm. Both correla-

tions provide a maximum frequency of 80% – 85% at 10 μm whilst

the Ranz-Marshall correlation deviates significantly from the other

two models. The Ranz-Marshall correlation predicts a wider dis-

tribution of particle diameters that span 7.5 μm – 17.5 μm. The
anz-Marshall correlation predicts larger particles as the suspen-

ion droplets have a large quantity of liquid within the droplets. 

Fig. 14 compares the predicted average inflight temperature for

he three Nusselt correlations against that of the experimentally

btained values from the Accuraspray 4.0 system. The Accuraspray

.0 system takes the average measurement from a volume of

pproximately 3.2 mm x 10 mm x 25 mm. All average numerical

alues were taken using the same measurement volume to allow
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Fig. 14. Comparison of inflight particle temperatures for the three Nusselt correla- 

tions against the Accuarspray measurements. 
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Fig. 15. Comparison of inflight particle velocity for the three Nusselt correlations 

against the Accuraspray measurements. 
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or a direct comparison. It must be noted that the Accuraspray 4.0

easurements correspond to an ensembled average value and do

ot provide information on the distribution of particle velocities

nd temperatures. The minimum temperature of particles that the

ccuraspray system can detect is approximately 10 0 0 °C [36] , due

o the limited amount of thermal radiation emitted by a cold par-

icle. However, the particle temperature distribution predicted by

ig. 9 (b) shows that at the operating conditions employed within

his study particle temperatures significantly exceed 10 0 0 °C. The

nsembled averaged measurements are slightly weighted towards

arger sized particles. Mauer et al. [37] compared the particle

elocity and temperature measurements taken from DPV-20 0 0

gainst those obtained from Accuraspray. It was shown that the

alues taken from DPV-20 0 0 compared well to the measurements

btained from Accuraspray, which suggests that the particle di-

meter does not have a significant impact on the Accuraspray

ensor’s accuracy. It can be seen from Fig. 14 that the compress-

ble correlation provides a significant improvement in the particle

emperature prediction over the Ranz–Marshall correlation. The

ompressible correlation accounts for the high Mach number

ffects on the Nusselt number which the Ranz-Marshall correla-

ion does not. Further improvements to the prediction of inflight

verage particle temperatures over the compressible correlation is

een by the Kavanau correlation. The Kavanau correlation accounts

or the high Mach number effects and the effects of rarefication

n the Nusselt number. 

The Ranz-Marshall correlation deviates from the experimental

alues by an average of 42.9%, the compressible correlation devi-

tes from the experimental values by an average of 12.3% while

he Kavanau correlation deviates from the experimental values by

n average of 4.8%. The Kavanau correlation hence provides the

est overall prediction of inflight particle temperatures. The Ranz-

arshall correlation does not account for the Knudsen number or

ach number effects on the Nusselt number and hence the Ranz–

arshall correlation typically overestimates the Nusselt number

ithin the slip flow regime. A lower heat transfer coefficient allows

or more efficient heat transfer from the gas to particles which is

ccounted for most accurately with the Kavanau correlation. Jadidi

t al. [6] compared there SHVOF model using the Ranz-Marshall

orrelation to that of Accuraspray G3 which underpredicted the

article temperatures by 500 K. 
Fig. 15 compares the predicted average inflight velocities for

he three Nusselt correlations against that of the experimentally

btained values from the Accuraspray 4.0 system. It can be seen

rom Fig. 15 that all three models compare well with the Ac-

uraspray velocity measurements at low standoff distances. The

ifference between the Accuraspray measurement and the velocity

redicted from the Kavanau correlation is small (1.2%). However, at

arge standoff distances the error between the Accuraspray mea-

urement and the numerical prediction for the velocity increases.

he difference between the experimental and numerical values is

s large as 40% at a standoff distance of 150 mm. 

There is little sensitivity of the average particle velocity to the

usselt number is seen at this location. This suggests that the over-

rediction may be a result of an underprediction of mixing within

he jet. To capture this more accurately a higher-fidelity approach

uch as large eddy simulation (LES) could be investigated since this

as shown improved accuracy for the prediction of single-phase

ets. However, this approach is considerably more computationally

xpensive and application to multiphase flows has been very lim-

ted due to the challenges of multi-phase sub-grid scale modelling 

In summary, the flow within SHVOF thermal spray lies outside

f the continuum flow regime. This study has shown significant

mprovements can be made in predictions of the inflight parti-

le temperatures when accounting for the Mach number and the

nudsen number effects. The Ranz – Marshall correlation was de-

ived from measurements of droplets of Reynolds numbers up to

00 and very low Mach numbers. This Ranz-Marshall model was

eveloped for application to spray dryers where the gas operates at

ery low Mach numbers and was never intended as a one fit model

pplicable to all flow regimes. As the Mach number increases the

eat transfer coefficient reduces. One of the limitations in employ-

ng the Ranz-Marshall correlation for SHVOF thermal spray is that

t does not account for the effect of the Mach number. In addi-

ion to this the model does not account for the effects of rarefica-

ion and hence typically overestimates the Nusselt number outside

f the continuum flow regime. It is demonstrated that accounting

or the Mach number effects provides a significant improvement in

he prediction of inflight particle temperatures. Further additional

mprovements in the particle temperatures can be seen by also ac-

ounting for the Knudsen number effects on the heat transfer co-

fficient. 
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5. Conclusion 

This study has evaluated the effects of rarefication on the Nus-

selt number for application to SHVOF thermal spray. A review of

the literature has shown that the Ranz-Marshall correlation has

been the sole model employed to SHVOF thermal spray models as

this is the standalone model employed within Ansys Fluent. This

study has shown that a significant improvement in the prediction

of inflight particle temperatures when account for high Mach num-

ber effects on the Nusselt number correlation. A further improve-

ment in the prediction of the average inflight particle temperature

can be seen by additionally accounting for the effects of rarefica-

tion on the Nusselt number correlation. The Ranz-Marshall correla-

tion provides a good estimate for the Nusselt number in the con-

tinuum flow regime at low Mach numbers; however, it overpre-

dicts the heat transfer coefficient within rarefied flow regimes. The

compressible correlation which accounts for the high Mach num-

ber effects on the Nusselt number provides a significant improve-

ment in prediction of particle temperatures within SHVOF over the

Ranz-Marshall correlation. A more accurate correlation still is the

Kavanau correlation as this correlation accounts for the high Mach

number effects as well as the effects of rarefaction. The model is

validated through two colour pyrometry measurements obtained

using the Accuraspray 4.0 system. The Ranz-Marshall correlation

deviates from the experimental values by an average of 42.3%. The

compressible correlation deviates from the experimental values by

an average of 12.3%. The Kavanau correlation provides the overall

best prediction for the inflight particle temperature, deviating from

the experimental values by an average of only 4.8%. It can be con-

cluded that accounting for the effects of rarefaction and high Mach

number effects for the suspension allows for a significant improve-

ment in predicting the inflight particle temperatures. 
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