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a b s t r a c t 

This paper describes a novel numerical reconstruction procedure (NRP) of the velocity field during natural 

convective heat transfer from a two-sided, isothermal, heated vertical plate based only on the known 

temperature field obtained, e.g. with a thermal imaging camera. It has been demonstrated that with a 

knowledge of temperature distributions, the NRP enables the reconstruction of velocity fields by solving 

the Navier-Stokes equation with an additional momentum source term that replaces the Fourier-Kirchhoff

equation. This is because its role is played by the known temperature field, which is the equivalent of its 

solution. 

Experimental tests were performed in the air on a symmetrically heated, double-sided, isothermal vertical 

plate with dimensions of 150 × 75 × 2 . 1 mm. In this test we used a thermal imaging camera with a 

temperature field detector in the form of a mesh parallel to the gravity acceleration vector, perpendicular 

to the heating surface and adjacent to the plate in the middle of its width. It was demonstrated that with 

a temperature field in the form of a results matrix, such reconstruction was possible and that the results 

obtained were consistent with other experimental results reported elsewhere and with SNC. 

Along with recreating the velocity field using a standard numerical calculation (SNC), the temperature 

distributions and velocity fields of the plate under consideration were carried out in parallel and then 

compared with thermal imaging camera temperature measurements (CTM) and a reconstructed velocity 

field (NRP). 

© 2021 The Author(s). 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 

Heat transfer in free convection, especially in the laminar 

egime, requires experimental tests of a special accuracy. This is 

ecause of the small heating surfaces, small temperature differ- 

nces gradients and minimal heating powers involved. Measure- 

ents of heating power no longer pose a problem as electric cur- 

ent and voltage meters are increasingly precise. The same applies 

o local temperature and velocity measurements as a result of the 

iniaturisation and high accuracy of measurement sensors. 

Contemporary measuring techniques such as PIV (Particle Im- 

ge Velocimetry) allow one to obtain the velocity field by record- 

ng with a CCD camera while illuminating the entire field of tracer 

oints with a stereoscopic laser beam and then to perform com- 
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uter analysis of the distance of movement of all points on two 

uperimposed and time-shifted images [5,7,16,26,28,29] . With LDA 

Laser Doppler Anemometry), small velocity vectors can also be 

ccurately measured [1,2,16] . Non-invasive velocity fields can be 

easured by combining these two methods, for example, to ob- 

ain results of turbulence measurements in an unsteady, swirling 

nvironment [6] , or by applying all methods generally referred to 

s VBTP (Visualisation by Tracer Particles) and their combinations 

11,21,27] . There are also well known and often used classical and 

olographic interferometry able to provide instantaneous temper- 

ture measurement. In practice, however, these methods are ex- 

ensive and complicated. Moreover, by using liquid crystals [25] or 

omplex measuring stands [30] , one can also simultaneously gain 

emperature fields in liquids. Temperature fields in air can also be 

easured in a slightly different way by using a thermal imaging 

amera with a mesh as a temperature detector, which itself does 

ot emit radiation in this wavelength range [28] . The latter method 

eems simpler and cheaper and that is why we decided to test it 
n this work. 

under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.122264
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2021.122264&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:michal.ryms@pg.edu.pl
https://doi.org/10.1016/j.ijheatmasstransfer.2021.122264
http://creativecommons.org/licenses/by/4.0/


K. Tesch, M. Ryms and W.M. Lewandowski International Journal of Heat and Mass Transfer 184 (2022) 122264 

f

p

s

d

v

d

T

o

d

o

p

c

o

i

T

P

s

a

m

I

i

o

2

t

v

n

p

i

l

2

a

t

o

u

T

a

t

o

t

t

i

h

t

b

p

b

fi

a  

i  

f

a

v

u

I

w

c

b

[

g

b

a

d

t

c

t

n

2

2

t

n

m

Nomenclature 

b logical variable 

c p specific heat capacity 

f index number of planar surfaces S f around a control 

volume V P 
g , g gravity acceleration vector, magnitude of g 

H height 

i , j unit normal vectors 

k turbulence kinetic energy 

p, p k pressure, kinematic pressure 

P centroid of a finite volume V P 
Pr , Pr t Prandtl and turbulent Prandtl numbers 

Q heat transfer rate 

r position vector 

R 2 coefficient of determination 

Ra Rayleigh number 

S f surface normal vector pointing outward 

S P implicit momentum source coefficient 

S u explicit momentum source 

t time 

T , T 0 temperature, reference temperature 

u velocity vector field 

u x , u y velocity components 

| V P | control volume measure around a centroid P 

x , y , z Cartesian coordinates 

α thermal diffusivity 

β coefficient of volumetric expansion 

δ boundary layer thickness 

μ dynamic viscosity 

ν kinematic viscosity 

ρ density 

ω turbulence frequency (specific dissipation rate) 

CTM camera temperature measurements 

DES detached eddy simulation 

DNS direct numerical simulation 

LES large eddy simulation 

NRP numerical reconstruction procedure 

SNC standard numerical calculation 

RAS Reynolds-averaged simulation 

Unfortunately, not all configurations of convective heat trans- 

er domains, shapes of heating surfaces and other conditions, es- 

ecially in devices and heat exchangers, permit simultaneous mea- 

urements of temperature and velocity fields. For such cases, we 

escribe a novel method for the numerical reconstruction of the 

elocity field (NRP), which can be determined under given con- 

itions, based on an experimentally produced temperature field. 

he only precondition is that these fields are conjugate to each 

ther: this is fulfilled in the case of free convection. This paper 

escribes the method and results of the numerical transformation 

f a known temperature field in a reconstructed velocity field. This 

roblem was already addressed in [22] , but only for one velocity 

omponent parallel to gravity and on the assumption that the sec- 

nd component was negligible. The method described here makes 

t possible to reconstruct both components of the velocity field. 

he NRP developed in this work is correct for the Prandtl number 

r ≈ 1 . 0 (e.g. for air). 

A vertical isothermal plate was selected for testing the pos- 

ibility of numerically reconstructing the velocity field based on 

 known temperature distribution in free convection. This is the 

ost accurately examined case of convective heat transfer [4,8,10] . 

n addition, a variant of a symmetrically heated plate was chosen 
2 
n order to provide symmetrical heat transfer on both sides with- 

ut heat losses [23] . 

. The method of reconstructing velocity fields 

The method described in [22] involves converting the tempera- 

ure field from a thermal imaging camera into a two-dimensional 

elocity field. Since the Navier-Stokes, Fourier-Kirchhoff and conti- 

uity equations are mutually coupled, one can formulate the hy- 

othesis that knowledge of the temperature field value is theoret- 

cally synonymous with knowledge of the velocity field value, at 

east in a free convection problem. 

.1. Earlier approach 

Assuming steady state conditions as well as constant values of 

ll the thermophysical properties of a fluid except for density, i.e. 

he kinematic viscosity, thermal diffusivity and thermal expansion, 

ne can simplify the Fourier-Kirchhoff equation thus: 

 x 
∂T 

∂x 
+ u y 

∂T 

∂y 
= α

(
∂ 2 T 

∂x 2 
+ 

∂ 2 T 

∂y 2 

)
. (1) 

he viscous dissipation term is neglected here, and the Boussinesq 

pproximation is used to account for buoyancy. This implies that 

he change of density caused by the temperature differences affects 

nly the body force; the effects of these variations on the other 

erms of the momentum equations are ignored. This means that 

he incompressible form of the momentum equation can be taken 

nto consideration. 

Furthermore, in the case of two-dimensional, free convective 

eat transfer from a vertical plate in air, the temperature field in 

he fluid is caused by the density difference, which in turn, due to 

uoyancy, creates a fluid velocity field. All these variables are cou- 

led, so if the temperature field is known, the fluid velocity can 

e determined. This also means that the temperature and velocity 

elds in free convection in a steady state condition are the same 

nd that one follows from the other [22] . In order to apply Eq. (1) ,

t has to be assumed further that u x ≈ 0 , which in turns follows

rom the boundary layer assumption u y � u x . The above discussion 

nd simplifications lead to the following equation for the vertical 

elocity coefficient [22] : 

 y = 

α
(

∂ 2 T 
∂x 2 

+ 

∂ 2 T 
∂y 2 

)
∂T 
∂y 

. (2) 

t can also be assumed that ∂ 2 T 
∂y 2 

≈ 0 . This is because ∂ 2 T 
∂x 2 

� ∂ 2 T 
∂y 2 

, 

hich is typical for the thermal boundary layer. The results are 

onsistent with our own experimental results and those obtained 

y other authors [24] as well as with some numerical solutions 

22] . However, the range of their application covered only the re- 

ion of developed flow on the plate. In the region where the 

oundary layer forms, i.e. from the leading edge, where y = 0 to 

pproximately y = 

1 
5 of its height, in which the simplifying con- 

ition u y � u x was not met, the discrepancies of the solution ob- 

ained with the experimental data and the results of the numerical 

alculations precluded its practical use. Therefore, a new approach 

o reconstructing the velocity field has been developed which does 

ot require the previous simplifications. 

.2. Numerical reconstruction procedure (NRP) 

.2.1. Description of the novel method 

This new method does not require any additional assumptions 

ypical for the boundary layer, such as u x ≈ 0 or ∂ 2 T 
∂y 2 

≈ 0 . With the 

ew approach one uses only the temperature distribution deter- 

ined, for example, by means of a thermal imaging camera. The 
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Fig. 1. NRP flow domain. 
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elocity field is then obtained by applying the numerical solu- 

ion of the continuity equation together with the modified Navier- 

tokes equation in the following form 

 · u = 0 , (3a) 

∂u 

∂t 
+ ∇ · ( uu ) = S u − ∇p k + ν∇ 

2 u . (3b) 

Importantly, the NRP is valid for two-dimensional and free con- 

ective heat transfer problems, meaning that u = u x i + u y j . The

odified pressure p k is defined as 

p k = 

p 

ρ0 

− g · r (4) 

here the gravity acceleration vector g = −gj is decomposed verti- 

ally according to Fig. 1 and r = y j is the position vector. 

Moreover, the proposed method does not require an additional 

ourier-Kirchhoff equation to be solved, nor need any boundary 

onditions for temperature be set. This is because we use temper- 

ture distributions from an IR camera. In Eq. (3b) , therefore, we 

dd the additional term S u related to the source of the momen- 

um, which, of course, takes the form of an additional term related 

o the Boussinesq approximation 

 u = −β( T − T 0 ) g . (5) 

he influence of the temperature T on the velocity field occurs 

nly through the momentum source term S u . In the above equa- 

ion, β stands for the coefficient of volumetric expansion and T 0 
s the known reference temperature. If our hypothesis is correct, 
3 
e should obtain almost identical velocity fields from Eq. (3) sup- 

orted by experimental results (e.g. CTM) and other typical solu- 

ions (e.g. SNC). This is how it should be and, as the calculations 

ave shown, it is because the temperature and velocity are cou- 

led for free convective heat transfer, i.e. the temperature differ- 

nces are due to density variations which, due to buoyancy, create 

 velocity field. 

.2.2. Numerical procedure 

To verify whether the NRP is correct, the existing software 

19] was modified so that an additional source term calculated 

rom equation (5) could be added to the centroid P of each finite 

olume V P . The modified Navier-Stokes equation (3b) is discretised 

sing the finite volume method [9,18] to give 

d u P 

d t 
| V P | + 

∑ 

f 

u f u f · S f 

= S u | V P | + S P | V P | u −
∑ 

f 

p k f S f + ν
∑ 

f 

( ∇u ) f · S f . (6) 

ince the momentum source term (5) does not depend on u , the 

mplicit part of the linearised source term is zero S P | V P | u = 0 and

he whole momentum source term S u is discretised explicitly as 

 u | V P | , where | V P | is the control volume measure around the cen-

roid P . Also, f is the index number of planar surfaces S f around 

he control volume V P . 

The discretised convection term is interpolated by means of 

ell-centred values because the values of u f are located at the face 

entroids. Bounded and limited linear interpolation (Total Varia- 

ion Diminishing scheme) is used, as it is a blend of first- and 

econd-order accurate with the blending coefficient 0.2 (0 stands 

or linear and 1 represents the strongest limiting). Furthermore, 

he discretised Laplacian terms involving surface normal gradi- 

nts (∇u ) f · S f (evaluated at a cell face that connects two cells) 

tilise orthogonal schemes which are second-order accurate. Gra- 

ients such as (∇u ) f and (∇p k ) f , present in the Rhie-Chow in-

erpolation method, involve Gaussian integration and linear in- 

erpolation. Finally, fluxes such as u f · S f also make use of lin- 

ar interpolation. The governing equations are solved by means 

f the SIMPLE algorithm [3] and the pressure equation is solved 

sing the generalised geometric-algebraic multi-grid solver with 

he diagonal-based incomplete Cholesky smoother. Smooth solvers 

ith the Gauss-Seidel smoother are utilised for the velocity com- 

onents. The underrelaxation factors are 0.3 for pressure and 0.7 

or velocity. 

The size of the computational mesh corresponds directly with 

he camera resolution and is 320 × 240 . The domain dimensions 

re shown in Fig. 1 . The impermeability and no adhesion condition, 

.e. the no-slip condition, are specified on the plate accompanied 

y a zero-gradient condition for pressure. The least invasive bound- 

ry conditions are specified on the outer wall of the domain, i.e. 

ixed type velocity boundary conditions are applied. This means 

hat for inflow, the velocity is obtained from the face normal com- 

onent of the internal-cell value. For flow out of the domain, a 

ero-gradient condition is applied. Furthermore, the pressure p k is 

alculated by a specification of the total pressure p k 0 

p k = p k 0 − (1 − b) 1 
2 
‖ u ‖ 

2 (7) 

here b is a logical variable. It becomes zero if the flux is positive 

r one otherwise. 

It should be re-emphasised here that with such a system of 

quations and such boundary conditions, and without modify- 

ng the Navier-Stokes equation, we would obtain a trivial solu- 

ion, i.e. a zero-velocity field, because the system of equations 

o be solved describes the incompressible flow without buoyancy. 

nly the modified Navier-Stokes equation containing an additional 
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Fig. 2. Mutual positioning and fixing the elements of the experimental setup: an 

isothermal vertical plate, a mesh enabling detection of the temperature field in air 

and a thermal imaging camera [23] . 
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emperature-dependent term (known by default from a thermal 

maging camera) would permit the reconstruction of the velocity 

eld on its basis. 

The values of the parameters adopted for the calculations are 

 0 = 296 . 45 K , β = 0 . 003 K 

−1 and ν = 1 . 627 · 10 −5 m 

2 s −1 . Results

nd comparisons are provided in Section 5 . 

. Experimental studies 

.1. Experimental stand for determining the temperature field 

In order to carry out convective heat transfer experiments in air 

rom the vertical isothermal heating plate, an experimental stand 

as designed [23] consisting of a symmetrically heated isothermal 

late, the heating system, regulating and measurement systems, a 

etection mesh and a thermal imaging camera. Fig. 2 shows the 

ethod for the mutual positioning of the mesh and cameras and 

he method of assembling them. The heating, measuring and regu- 

atory systems that were shown and described in detail in [23] are 

mitted here. 

The testing of temperature fields in air in a plane perpendicular 

o the isothermal heating plate determined using a thermal imag- 

ng camera and detection mesh are described in detail in [12] and 

22] . A method of using these fields in the gradient method to de- 

ermine heat fluxes in vertical channels and plate heat exchangers 

s given in [13] and [15] . In addition, a method of determining heat

osses in construction elements, such as vertical walls, construction 

artitions and windows are described in [14] . 

We used a more sensitive and higher resolution E8 Thermal 

maging Camera (FLIR Systems Inc.) instead of a Fluke Ti35 camera 

o determine the temperature fields of the symmetrically, double- 

ided heated 150 mm plate. A E8 Thermal Imaging Camera with a 

emperature measurement accuracy of ≤ 0 . 1 ◦C, as given in the de- 

ice specification, was used for recording the temperature field. On 

his basis, it was assumed that the temperature measured with the 
4 
R camera was accurate to ±0 . 1 ◦C, but for the temperature differ-

nces the camera permits an accuracy of ±0 . 01 K to be specified. 

.2. Experimental research 

Experimental testing of free convection from the isothermal 

ertical plate in air for detecting temperature fields using a ther- 

al imaging camera and mesh relies on a supply of heating power 

o a steady state condition in which the mesh has the same tem- 

erature as the surrounding convective stream of heated air. Cotton 

esh fibres, of low thermal conductivity, counteracted the equal- 

sation of their temperature on the surface of the mesh. These fi- 

res were only heated by conductive heat transfer from the sur- 

ounding air, and the thermal inertia of the mesh fibres caused 

veraging and expiration of local fluctuations of the surrounding 

ir temperature. Our results [23] indicate that scattered radiation, 

hich reaches the mesh fibres from a perpendicular plate, dis- 

orts the measurements of temperature fields in a negligible de- 

ree. Moreover, it did not reach the mesh indirectly from the air, 

ecause without adsorbing the energy of this wave length, the air 

oes not emit it either. The influence of radiation from this plate 

n the temperature field on the grid was analysed by measur- 

ng the constant C = Nu / Ra 1 / 4 using the balance method. In air 

his was C = 1 . 220 , in water (without radiation) C = 0 . 536 , and

ith the gradient method using the mesh C = 0 . 614 ( C = 0 . 796

or T w 

= 303 . 15 K, C = 0 . 579 for T w 

= 323 . 15 K and C = 0 . 534 for

 w 

= 343 . 15 K) [23] . This analysis showed an overall discrepancy of

4 . 5% in the results obtained for convection with and without the 

adiation component. Because the discrepancy is also influenced by 

ther factors, e.g. differences in the balance and gradient measure- 

ent methods and their accuracy, the error for temperature indi- 

ations on the mesh will be even smaller. 

The experiments were carried out at the following heating plate 

emperatures: T w 

= 300.35, 305.05, 312.85, 317.05, 320.65, 323.85, 

28.15, 330.45, 333.25, 335.45, 339.35, 342.75 K at the free stream 

emperature T ∞ 

= 295 . 65 –296.95 K, with these thermal conditions 

orresponding to the range of the Rayleigh number Ra = 10 6 –10 7 

23] . One of the many temperature distributions was chosen for 

he numerical reconstruction of the velocity field for T w 

= 328 K, 

 ∞ 

= 296 K, 	T = 32 K, T a v = 312 K and is presented graphically

n Fig. 3 . 

. Numerical simulations of the test experiment 

In order to compare the velocity field obtained by means of the 

ethod discussed in paragraph 2.2 , a standard numerical calcula- 

ion (SNC) of the experimental data ( T w 

, T ∞ 

) was carried out in the

omain with dimensions shown in Fig. 4 . In addition to comparing 

he velocity fields with the NRP, it was also possible to compare 

he temperature distributions with the CTM. The calculation model 

as adopted in the most general way, which does not take the 

oussinesq approximation into account. This permits an additional 

ssessment of the suitability of the proposed method of determin- 

ng the velocity fields based on temperature fields (NRP). Turbu- 

ent compressible flow was taken into account, which is described 

y the continuity equation, the Reynolds equation, the equation of 

nergy in the form of sensible enthalpy (viscous dissipation term 

ncluded) along with a thermal equation of state. The turbulence 

odelling involved a Reynolds Averaged Simulation together with 

urbulence closure based on linear eddy viscosity, i.e. the Boussi- 

esq hypothesis. The two-equation k − ω SST [17] was also taken 

nto account. The RAS approach is generally necessary as it sup- 

resses velocity fluctuations, just as when a measuring mesh is 

sed. As the accuracy of the method increases (DES/LES and DNS 

pproaches), the complexity of the flow itself also grows, which is 
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Fig. 3. Temperature fields visualised on the basis of the results matrix from the 

thermal imaging camera for the case H = 150 mm, s = 2 . 1 mm, T w = 328 K, T ∞ = 

296 K, 	T = 32 K, T a v = 312 K, Ra = 8 . 53 · 10 6 [23] . 

Fig. 4. SNC flow domain. 

Table 1 

SNC mesh statistics. 

Small Medium Fine 

Nodes 590 430 1 324 698 2 495 416 

Faces 1 177 299 2 644 056 4 981 184 

Faces per cell 6 

Total volumes 294 028 660 569 1 244 492 
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5 
anifested by the appearance of ever smaller vortices and fluctua- 

ions in the solutions. Fluctuations are present in the flow, but the 

easuring grid only show the average values that correspond to 

he RAS method. 

The discretisation procedure follows the same logic as in the 

revious case. Convection terms, including velocity, enthalpy, ki- 

etic energy as well as the turbulent quantities k and ω, are 

nterpolated by means of bounded and limited linear interpola- 

ion schemes with blending coefficient of 0.2. Also, all the dis- 

retised Laplacian terms utilise orthogonal schemes. All gradients 

nvolve Gaussian integration and linear interpolation. Lastly, all 

uxes utilise linear interpolation. The same line of reasoning ap- 

lies to the method of solving governing equations, i.e. the SIM- 

LE algorithm. The pressure equation is solved by means of the 

eneralised geometric-algebraic multi-grid solver with the com- 

ined diagonal-based incomplete Cholesky (DIC) and Gauss-Seidel 

moother in which DIC smoothing is followed by Gauss-Seidel. The 

tabilised preconditioned bi-conjugate gradient solvers with the 

implified diagonal-based incomplete LU (Lower-Upper) precondi- 

ioner are utilised for the velocity components, enthalpy and tur- 

ulence quantities. Underrelaxation factors are 0.7 for pressure, 0.3 

or velocity and enthalpy and 0.7 for turbulence quantities k and ω. 

The no-slip condition is specified everywhere accompanied by 

 fixed temperature 295.95 K, except for the surface of the plate, 

here the temperature is 328.15 K. Also, the pressure gradient is 

alculated such that the flux on the boundary follows the velocity 

oundary condition. This means that the pressure gradient comes 

rom the same equation as the discretised Navier-Stokes (Reynolds) 

quation interpolated next to the boundary face. Then, in order to 

ake sure that the flow near the walls is properly resolved, thin 

ayers around the physical walls are generated in such a way that 

he maximum y + values are lower than 1 for the plate walls. A 

calable wall function is also applied in order to ensure stability. 

urbulent quantities are set according to the low turbulence in- 

ensity, and the turbulent Prandtl number is Pr t = 0 . 85 . Finally, the 

onstant values of other parameters adopted for calculations are 

 p = 1004 J kg −1 K 

−1 , Pr = 0 . 705 and μ = 1 . 831 · 10 −5 kg m 

−1 s −1 . 

The two-dimensional computational mesh consists of hexahe- 

ral elements and is classified as Cartesian. The detailed mesh 

tatistics for individual cases are shown in Table 1 . Three cases 

ere considered: small, medium and fine. The influence of the 

esh on the velocity distribution is shown in Fig. 5 (a). The plot 

hows u y velocity component distributions on a y/H = 0 . 8 line rel- 

tive to the lower surface of the plate (see Fig. 3 ). There is virtually

o difference between the medium and fine mesh sizes. Fig. 5 (b) 

hows the temperature distributions at the same height. No visual 

ifferences are perceptible. Therefore, it was decided to choose a 

ne mesh because the difference between the medium and fine 

eshes is negligible, except for the smoothness of the velocity dis- 

ribution for the latter. The results of SNC and comparisons with 

RP and CTM are given in Section 5 . 

. Results 

The u x and u y velocity distributions, obtained using the NRP 

nd SNC methods, for different y/H height ratios of the vertical 
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Fig. 5. SNC mesh convergence y/H = 0 . 8 . 

Table 2 

Coefficient of determination R 2 . 

h/H R 2 (T ) R 2 (u x ) R 2 (u y ) 

0.133 0.841 0.930 0.828 

0.267 0.858 0.920 0.884 

0.400 0.875 0.928 0.899 

0.533 0.883 0.944 0.904 

0.667 0.902 0.922 0.921 

0.800 0.943 0.911 0.939 

0.933 0.905 0.994 0.950 
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Fig. 6. Heat transfer rates from the plate. 

Table 3 

Averaged values. 

Q [ W ] Q o [ W ] T̄ 0 [K] T̄ i [K] ū yo [m s −1 ] 

SNC 7.7 8.1 299.3 297.2 0.046 

NRP + CTM 8.0 8.3 297.7 296.4 0.066 

i

v

t

b

u

t

c

c

u

Q  

o

C

t  

i

Q  
sothermal plate, are compared in Fig. 8 with the superimposed 

heoretical (similarity) solutions [20] as a reference. Evidently, the 

 y components coincide very well in the distance along the x axis 

rom the plate to the extreme velocity values. The same holds for 

he u x velocity components. As the distance from the plate in- 

reases, so do the differences between the various methods. Nev- 

rtheless, the qualitative compatibility of the two methods is evi- 

ent. The temperature distributions for the SNC and CTM methods 

re shown in Fig. 9 . As in the case of Fig. 8 , the qualitative com-

atibility of both methods is clearly visible. The differences in the 

elocity distributions result from the finite resolution of the cam- 

ra and the necessity to determine the boundary conditions for the 

RP method at a short distance from the plate, which is approxi- 

ately equal to the thickness of the hydrodynamic boundary layer 

. 

The quantitative comparison of individual methods is shown in 

able 2 using the coefficient of determination R 2 . In the worst case, 

his coefficient reaches the value of 0.841 for the comparison of the 

emperatures obtained from the experiment (CTM) and calculated 

sing the SNC method. For the u x velocity component, the mini- 

um R 2 value is 0.911 while for the u y component we have 0.828. 

owever, the differences also result from the method of calculating 

 

2 which, among other things, involves adding up the individual 

omponents. Finally, the results can only be regarded as a satisfac- 

ory qualitative verification. 

A further comparison of the two methods is possible using the 

eat transfer rate Q balances in a cuboidal control volume around 

he vertical plate according to the following equation 

 o = ρ̄ δ H ū yo c p 
(
T̄ o − T̄ i 

)
. (8) 

 graphic illustration of the balance together with the u y and T 

alues calculated in two ways (SNC and NRP) and the plate heating 

ower measured directly during the experimental tests are shown 

n Fig. 6 . The heat transfer rate supplied from the plate to the air
6 
s denoted by Q and the withdrawn heat transfer from the control 

olume via the upper surface by Q o , while the average tempera- 

ures in the lower and upper parts of the area are respectively la- 

elled T̄ i and T̄ 0 . The vertical component of the averaged velocity 

¯ yo in the upper part of the area is needed in order to calculate 

he mass flow rate. 

Table 3 presents the result of the quantitative verification of the 

orrectness of the velocity reconstruction using the NRP method, 

arried out by the balance method. The heat transfer rates in the 

pper part of the area are similar for the individual methods, i.e. 

 = 8 . 1 W for the SNC method and 8.3 W for the NRP+CTM meth-

ds, where the temperature fields come from the experimental 

TM measurements and the velocities from the NRP method. Then, 

he heat transfer rate generated on the plate is Q = 8 . 0 W accord-

ng to the experimental data from the direct measurement, and 

 = 7 . 7 W according to the SNC method. It can be seen that the
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Fig. 7. Velocity field visualisation: NRP (left) vs. SNC (right). 
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eat transfer rate calculated according to Eq. (8) is slightly overes- 

imated. As the difference between the Q o for each method is only 

.4%, the verification of the NRP method can be considered suc- 

essful. 

Figure 7 shows the visualisation of velocity fields for NRP and 

NC methods in the form of a velocity vector magnitude with a 

uperimposed vector field. All vectors have an identical length and 

iffer in colour that corresponds directly to the magnitude. Both 

olutions are very similar qualitatively. Noteworthy is the slight 

mpact of boundary conditions for the NRP method, which is visi- 

le on the left and right wall. 

. Summary and conclusions 

The study described in this paper shows that it is possible to 

umerically reconstruct the velocity field solely on the basis of a 

nown temperature field, measured experimentally, in our case us- 

ng a thermal imaging camera with a mesh detector. This is con- 

rmed by solving the Navier-Stokes equations with an additional 

omentum source term by means of the finite volume method. 

he proposed procedure does not require assumptions such as u x ≈
 or ∂ 2 T 

∂y 2 
≈ 0 , applied in the previous version of the method [ 22 ].

evertheless, the full velocity fields, i.e. u x and u y , were resolved 

hroughout the range of natural convective around the isothermal, 

wo-sided, heated vertical plate. The accuracy of the results ob- 

ained by means of NRP and SNC is evident, but as a result of 

umming all u x and u y values, the coefficient of determination R 2 

akes values from 0.828 upwards, so the verification can only be 

egarded as qualitatively satisfactory. 

The quantitative verification of the method carried out on the 

asis of the balance of two heat transfer rates Q gives a bet- 
7 
er accuracy. The former heat transfer rate is generated from the 

late to the air, while the latter is released into the air. Since the 

rst of these heat rates was based on the measured temperature 

eld (CTM) and the other independently on the basis of the re- 

onstructed velocity field (NRP), their accuracy at 2.4% is already 

n obvious quantitative confirmation of the correctness of the pro- 

osed method (NRP). 

The accuracy of the reconstructed velocity fields, according to 

he proposed method, depends on the accuracy of the measure- 

ent of temperature fields and can be improved by increasing the 

esolution of the thermal imaging camera, because its resolution 

orresponds directly to the exact size of the computational mesh 

sed to reconstruct the velocity field. 

Having demonstrated the compliance of the NRP with the re- 

ults of experimental and numerical tests, the authors indicate 

ome of its possible applications, e.g. by researchers who use liq- 

id crystals (for example [25] ) that can only measure temperatures 

r engineers who measure heat losses from real objects (building 

açades, boiler walls, devices, etc.) where it seems easier to use 

ur method with an IR camera than to determine the temperature 

eld with thermocouples and velocity sensors (e.g. DISA hot wire 

nemometer). Moreover, the NRP method can be used to automat- 

cally reconstruct free convective velocity fields in air using ther- 

al imaging cameras. Theoretically, the method can also be used 

o study three-dimensional cases, but then the mesh will have to 

e moved along the z axis. Such a displacement will disturb the 

ow, however, and will prolong the measurement time by the pe- 

iods required to restore thermodynamic equilibrium each time the 

esh has been shifted. Finally, the method developed in this work 

s correct for Pr ≈ 1 . 0 , i.e. for air. For other liquids Pr 
 = 1 . 0 , e.g.

ater, additional verification of the NRP is required. 
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Fig. 8. Velocity distributions: NRP vs. SNC. 

8 
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Fig. 9. Temperature distributions: CTM vs. SNC. 

9 
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