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ABSTRACT 

A NON-CONVENTIONAL SENSOR BASED ON INVERSE HEAT TRANSFER (IHT) 

TECHNIQUE, WHICH PRESENT MINIMUM SURFACE INTRUSION HAS ALREADY BEEN 

DEVELOPED (PATENTED AT IIT KANPUR). THE SENSOR IS BASED ON LEVENBERG-

MARQUARDT ALGORITHM AND METHOD OF MINIMIZATION OF LEAST SQUARE 

ERROR. IN THE PRESENT STUDY, VALIDATION OF THE SENSOR FOR DROPWISE 

CONDENSATION IS PRESENTED. THE EXPERIMENTS ARE PERFORMED ON A 

VERTICAL TEST PLATE FOR TWO DIFFERENT MASS FLOW RATES AND TWO 

COOLING WATER TEMPERATURE CONDITIONS. THE ESTIMATED HEAT FLUX USING 

IHT TECHNIQUE MATCHES VERY WELL WITH HEAT FLUX CALCULATED USING 

TWO THERMOCOUPLES DATA, AND WITH AVERAGE HEAT FLUX OBTAINED FROM 

THE CONDENSATE MASS COLLECTED. 
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INTRODUCTION 

Instantaneous surface temperature and heat flux knowledge is required in a variety of engineering 

applications. Examples can be found in energy management of buildings, engines, combustors and 

furnaces; metal vapor condensation systems and vapor condensation on containment walls of 

nuclear reactors. In many of these applications, conditions are so hazardous at the surface or in the 

vicinity of the surface that they destroy the temperature or heat flux sensor mounted on the surface, 

for example, in case of fire flames inside the buildings, furnaces etc. In certain applications such as 

boiling and condensation, temperature and heat flux measurement system itself disturbs the very 

phenomena they are measuring by changing the surface characteristics. Hence, there is a need for 

developing an efficient and robust measurement system for continuous measurement of 

temperature and heat flux for the above stated applications. 

A novel sensor, based on one-dimensional inverse heat conduction technique had been developed 

(patented at IITK [1]) for the estimation of the boundary condition without disturbing them. Using 

the technique, temperature records taken at a specified location beneath the surface were inverted 

to estimate the desired parameter at the surface. It can also be used for continuous measurement of 

thermo-physical parameters of interest in fire hazard conditions or in boiling and condensation 

application. In the present paper, validation of the developed Inverse Heat Transfer (IHT) 

technique based sensor for dropwise condensation of steam on a cooled Stainless Steel (SS)-304 

plate has been presented. 

 

INVERSE HEAT TRANSFER (IHT) TECHNIQUES 

The IHT technique is based on estimation of unknown quantities in the physical problem using 

measured temperature and/or heat flux data. This approach utilizes knowledge of the effect to 

estimate its cause.  This way, it is directly opposite or inverse to classical heat transfer problem 

solving approach, where effect is determined based on their cause. This approach is used by many 

researchers to calculate surface thermal properties [2-9]. In the present paper, recorded temperature 

data, an effect; is inverted to estimate its cause, an unknown heat flux boundary condition for 
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steam condensation application. The inverse problems can be solved using a variety of methods 

and algorithms. Levenberg-Marquardt method for parameter estimation has been chosen in the 

present paper due to its applicability for both, linear and nonlinear parameter estimation problems. 

However, estimation of large number of unknown parameters in nonlinear problems are difficult 

due to time spent in computation of sensitivity matrix at each iteration compared to linear 

problems, which require computation of sensitivity matrix only once. 

 

MATHEMATICAL MODELLING 

A unknown time varying boundary condition f(t) is assumed in the following form,  
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where, Pj are the parameters to be estimated and Cj are the trial functions. Sines, cosines, splines, 

and polynomials are some example of the functions that can be used as a trial function. A prior 

knowledge of the behavior of unknown boundary condition is useful in selection of the trial 

function. However this requirement was relaxed by using general Fourier series as a trial function 

by Sonawane [10]. The Fourier series of even extension has been chosen as trial function in the 

present paper. 
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For temperature data in interval [0, t], a time period of T = 2t is taken for the calculation of ω 

(ω=2π/T) in the IHT code for non-periodic heat flux estimation, as explained in [10]. A total 

eleven (N=11) number of cosine terms are used in the present study. 

The algorithm is based on minimization of the sum of the squares of error. The sum of the squares 

of error is given as, 
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The minimization condition of the above error gives, 
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With the help of the above expression, values of the parameters can be calculated iteratively. Here, 

J(Pk) is the sensitivity matrix and is computed as follows,  
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Due to the ill-conditioned nature of most of the inverse problems, sensitivity coefficients in the 

matrix are usually too small in starting iterations. Hence, in order to stabilize the algorithm, a 

damping parameter µ multiplied with a diagonal matrix Ω is added to the term (Jk)TJk. The value of 

the damping parameter is reduced or increased as the solution advances depending upon the 

comparison of the error between the current and the previous iteration as shown in the flowchart in 

Fig. 1. The diagonal matrix is given as, 

( )k k T kdiag J J                  (6) 

The stopping criteria for the algorithm are as follows, 
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Fig. 1: Flowchart of Levenberg-Marquardt algorithm used for inverting the temperature records 

 

EXPERIMENTAL SET-UP 

The details of experimental set-up and a photograph showing dropwise condensation on the test 

plate is shown in Fig. 2. The set-up consists a SS test plate of 96 × 80 × 20 mm3. It is mounted on a 

cooling chamber made of acrylic sheets and cooled using a recirculating water bath (Julabo FL 

2506). The cooling water loop is completed by flexible PVC tubes with a rotameter and water pass 

through arrangement in between to check and adjust water flow rate, respectively. The opposite 

side of the test plate is exposed to steam supply coming from steam generator through a pipe of 70 

mm inner diameter. All other sides of the test plate is insulated to prevent lateral heat transfer. 

Thus, it is a fair assumption to consider the problem as one-dimensional heat transfer problem as 

heat gets transferred in longitudinal direction only. 

Two needle valves are incorporated in the steam supply line namely, valve 1 and valve 2. Valve 1 

is set at a fixed position to allow same quantity of steam to pass through at a particular steam 

pressure. Valve 2 is used for closing and opening of steam supply on the test plate. Steam velocity 

or mass flow rate through the pipe is controlled by maintaining different positions of valve 1 and 

pressure inside the steam generator. As pressure and temperature are coupled at saturation 

condition, pressure is controlled by regulating the heat supplied to steam generator using a variac 

transformer.  

As soon as valve 2 is opened, steam flows over the test plate and get condensed. In the process, 

heat is transferred from the steam to the cooling water via test plate through conduction. The 

resulting temperature distribution within the plate is measured at the center of the test plate at three 

specified depths (5 mm, 10 mm and 15 mm) from steam supply side of the test plate using three 

No 

Solve the direct problem to compute T(Pk) 

Compute S(Pk), Jk and Ωk using current values of 

Pk (Eqs. (3), (5) and (6)) 

Compute 𝑃𝑘+1 using Eq. (4) 

Solve the direct problem again to get T(Pk+1) 

and also calculate S(Pk+1), and Jk+1 

Check if the stopping 

criterion is satisfied 

Yes 

STOP 
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thermocouples (C1, C2, and C3), respectively. The temperature data from these thermocouples are 

recorded in a PC using NI DAQ 9213, through LabView 2011 program. 

 

 
 

 
Fig. 2: Details of experimental set-up. (a) Schematic of the set-up; (b) Test plate mounted on an acrylic 

box (red color is sealing paste); (c) Dropwise condensation on the test plate during the experiments 
 

The measurements taken from the thermocouple C1, are inverted using Levenberg-Marquardt 

algorithm to estimate the heat flux transferred through the test plate (QIHT). Using Fourier law of 

heat conduction, heat flux is also estimated from the temperature gradient between thermocouple 

C1 and C2 (QC1-C2) by assuming one-dimensional heat conduction in the test plate. Moreover, an 

average estimate of heat flux over the test surface is calculated from the collected condensate mass 

(Qcond). Finally, all three heat flux i.e. QIHT, QC1-C2 and Qcond are compared. 

 

RESULTS AND DISCUSSION 

Experiments are performed at two different steam flow rates (~ 3 kg/hr and ~ 9 kg/hr, which are 

correspond to flow Reynolds number of 1166 and 3498, respectively) with two constant cooling 

water temperatures (22°C and 30°C). Figure 3 shows the comparison of QIHT for 100 and 200 

seconds time window, QC1-C2 and Qcond for different conditions. 

 

 

  
(a) Comparison of heat flux for steam flow 

rate of ~ 3 kg/hr (steam velocity of 0.36 
m/s) and at cooling water temperature of 

22°C 

(b) Comparison of heat flux for steam flow 
rate of ~ 3 kg/hr (steam velocity of 0.36 

m/s) and at cooling water temperature of 
30°C 
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(c) Comparison of heat flux for steam flow 

ate of ~ 9 kg/hr (steam velocity of 1.08 
m/s) and at cooling water temperature 

of 22°C 

(d) Comparison of heat flux for steam flow 
rate of ~ 9 kg/hr (steam velocity of 1.08 

m/s) and at cooling water temperature of 
30°C 

Fig. 3: Shows validation of the sensor for one-dimensional heat flux variation within the test plate for 
dropwise mode of steam condensation at atmospheric condition. The estimated heat flux using IHT 

technique for 100 seconds and 200 seconds time window has been compared with heat flux from 
temperature gradient between thermocouples C1-C2, and also with average heat flux estimated from 

collected condensate mass. 

From Fig. 3(a) - 3(d), it is clear that QIHT at 100 seconds and 200 seconds is matching with Qcond 

within experimental error range. Also, QIHT is slightly lower than Qcond at steady state condition. 

This is from the fact that at the start, significantly higher heat transfer take place due to large 

temperature gradient between steam temperature (~ 99°C) and the test plate (22°C or 30°C, 

depending on maintained initial conditions). Even our IHT code is also predicting very high heat 

transfer at the start. Unfortunately, we do not have any data to validate it. Moreover, it can also be 

noted that IHT code is able to predict heat transfer in large range (3-250 kW/m2). 

It is found that QIHT for 200 seconds time window better estimate the heat flux than QIHT for 100 

seconds time window. It is due to the fact that more the number of data points at steady state, lesser 

the fluctuations. For an efficient sensor, lower time response is required. It may be obtained by 

incorporating temperature recorded data from more than one thermocouple in the IHT code. 

 

CONCLUSIONS 

The developed sensor based on inverse heat conduction technique has been validated for dropwise 

condensation of flowing steam over the cooled test plate. It has been found that the estimated heat 

flux using IHT technique based on one-dimensional heat transfer matches with the heat flux 

calculated between two thermocouples using one-dimensional Fourier law of heat conduction, and 

average heat flux from condensate mass within the experimental error range. It is suggested to 

incorporate temperature data from more than one thermocouple to improve the sensitivity of the 

sensor. Also, approach may be extend for two-dimensional and three-dimensional heat transfer for 

more general use of the sensor. 
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NOMENCLATURE 

C0 constant T time period 

Cj trial function Ti calculated temperature 

f unknown boundary condition Yi experimentally recorded temperature 

i, k iteration index S sum of square error 

J sensitivity matrix ω frequency 

j, m summation index µ damping factor 

Pj parameter to be estimated Ω diagonal matrix 

t time ε1, ε2, ε3 convergence criteria 

 

REFERENCES 

[1] Sonawane, Ravindra, Khandekar S., and Muralidhar K., “Unsteady wall heat flux sensor for 

extreme applications”, Provisional patent filed ID: 3977/DEL/2014, 2014. 

[2] Walker, D. G., and Scot, E. P., “Evaluation of Estimation Methods for High Unsteady Heat 

Fluxes from Surface Measurements”, Journal of Thermophysics and Heat Transfer, 12, pp. 

543-551, 1998. 

[3] Yang, C., and Chen, W.L., “A nonlinear inverse problem in estimation the heat flux of the disc 

in a disc brake system”, Applied Thermal Engineering, 31, pp. 2439-2448, 2011. 

[4] Ryfa, A., and Bialecki, R.A., “Retrieving the heat transfer coefficient for jet impingement 

from transient temperature measurements”, International Journal of Heat and Fluid Flow, 32, 

pp. 1024-1035, 2011. 

[5] Wang, H., Yu, W., and Cai, Q., “Experimental study of heat transfer coefficient on hot steel 

plate during water jet impingement cooling”, Journal of Materials Processing Technology, 

212, pp. 1825-1831, 2012. 

[6] Liu, W., and Takase, K., “Development of measurement technology for surface heat fluxes 

and temperatures”, Nuclear Engineering and Design, 249, pp. 166-171, 2012. 

[7] Cebula, A., and Taler, J., “Determination of transient temperature and heat flux on the surface 

of a reactor control rod based on temperature measurements at the interior points”, Applied 

Thermal Engineering, 63, pp. 158-169, 2014. 

[8] Mooney, R. P., McFadden, S., Gabalcova, Z., and Lapin, J., “An experimental-numerical 

method for estimating heat transfer in a Bridgman furnace”, Applied Thermal Engineering, 67, 

pp. 61-67, 2014. 

[9] Ozisik, M.N., and Orlande, H.R.B., “Inverse heat transfer: Fundamentals and applications”, 

Taylor and Francis, New York, ed. 1, Chap. 1-2, pp. 1-56, 2000. 

[10] Sonawane, R., “Inverse heat conduction based non-intrusive thermal boundary condition 

sensor: Modeling and experiments”, Master Thesis, Department of Mechanical Engineering, 

Indian Institute of Technology, Kanpur, 2014. 


