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Abstract 

This work is an experimental study on heat transfer from a human arm and a model cylinder. Heat transfer 

from a human forearm to a large jet, representative of a building HVAC vent/outlet was studied using both 

an IR camera and a heat flux sensor. The isothermal jet was discharged horizontally from a wind tunnel, at 

the same temperature as the ambient air.  

The model cylinder was used to validate the heat transfer results with results from previous studies, using 

both the IR camera and heat flux sensors. Further, a study on heat transfer to impingement jets from a 

human forearm at various Reynolds numbers (Re = 9500-41000) and impinging distances of four and eight 

jet diameters was done. Heat transfer from a human arm to such impingement jets were then compared with 

heat transfer due to natural convection under both open and controlled environments. A significant increase 

in convection heat transfer with Reynolds number and distance from the jet outlet was observed. A nearly 

four-fold increase in convection heat transfer coefficient was obtained when a jet with Reynolds number of 

9500 was impinged on a human arm when compared to that obtained under natural convection in an open 

environment. Empirical correlations for predicting the stagnation and average Nusselt number from a 

human arm were also developed with high values of correlation coefficients for future studies. Impingement 

jets were found to be an effective means to transfer heat from human bodies and could potentially be used 

for creating thermally conditioned microenvironments.  
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General Audience Abstract 

Impingement jets have been used in a variety of applications such as turbine cooling, electronic cooling and 

for annealing of metals for enhancing heat transfer due to its large convective heat transfer rates. This study 

aims at studying the heat transfer to such jets from a human arm and a model cylinder and its potential use 

in creating thermally conditioned microenvironments in buildings. Thermal microenvironment 

conditioning refers to controlling the thermal properties of a small zone around the individuals to be 

conditioned, based on the thermal behavior of the individual. This reduces overall energy consumption by 

restricting air conditioning to a small area around individuals and can also be potentially be used to cater to 

the individual occupant’s thermal comfort. Therefore, a large jet representative of an HVAC outlet in 

buildings was used for this purpose.  A horizontal, isothermal jet of air was impinged on a human forearm 

over a range of jet velocities and the resulting heat transfer rates were compared to that obtained under 

natural convection (in an open as well as a controlled setting). An IR camera and heat flux sensors were 

used to measure the heat transfer rates. A nearly four-fold increase in convection heat transfer coefficient 

was obtained when a jet with Reynolds number of 9500 was impinged on a human arm when compared to 

that obtained under natural convection in an open environment.  Empirical correlations were developed to 

predict heat transfer from the jet at a given jet velocity with high values of correlation coefficients. Overall, 

impingement jets were found to be an effective means to transfer heat from human bodies and could 

potentially be used for creating thermally conditioned microenvironments.  
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“Without data, you’re just another person with an opinion.” — W. Edwards Deming 
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1. Chapter Organization 

This dissertation has been organized into six chapters. Chapter 2 introduces the fundamentals characteristics 

of isothermal impingement jet flow, how such jets aide in increasing heat transfer and previous studies that 

helped in understanding the major factors affecting the heat transfer from a cylinder to such an impingement 

jet. It also includes a brief introduction to heat transfer from a human body, parameters governing the heat 

transfer and previous studies on heat transfer from human body to various types of jets.   

Chapter 3 discusses in detail the experimental setup for carrying out isothermal jet impingement studies 

and natural convection studies on a heated cylinder and a human forearm. It also details the construction of 

the cylinder and details regarding placement of IR camera to avoid errors in temperature measurement due 

to directional emissivity from a curved surface.  

Chapter 4 describes how the temperature and heat flux data measured during the experiments was used to 

extract various parameters and non-dimensional quantities, and the calculation of their uncertainty. 

Chapter 5 discusses the experimental results obtained from the jet impingement and natural convection 

studies and how heat transfer varies under these conditions.   

Chapter 6 summarizes the main outcomes of the experiments and the subsequent data reduction analysis. It 

also identifies possible future work that could be done based on this study and contains recommendations 

that would help broaden the scope of this research.    

Six appendices have also been included in this thesis. Appendix A explains the method used for calculating 

uncertainties of various parameters along with specific examples. Appendix B shows the procedure and 

results obtained for estimation of convection heat transfer coefficient of a human forearm based on previous 

results.  Appendix C shows the procedure for construction of a paper grid for measurement of angles using 

an IR camera. Appendix D explains the methodology and results of quantification of the range of IR camera 

viewing angle for accounting the directional emissivity of curved surfaces. Appendix E details the 

construction of the control environment used for conducting natural convection experiments. Appendix F 
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shows the plots of individual experiments for heat transfer from natural convection from a human forearm 

and a heated cylinder in both open and controlled environments   
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2. Introduction 

Microenvironment conditioning refers to controlling the thermal properties of a small zone around the 

object to be conditioned, based on the thermal behavior of the object [1]. Such a system can be used to cater 

to the comfort needs of multiple individuals and at the same time, reduce energy consumption needs for air 

conditioning of building spaces. Microenvironment creation units currently available in the market are 

either floor mounted or desk mounted [2]. For a working model of a system as proposed in this study, the 

traditional HVAC vent system was replaced with a nozzle with directional flexibility, so that the jet can be 

maneuvered to aim the flow of air at a different direction as needed. The present study aims to measure the 

heat transfer characteristics of a horizontal isothermal jet of diameter, 𝑑, impinging on a human arm in such 

a thermal microenvironment, over a range of Reynolds numbers. A cylinder of diameter ‘D’, similar to the 

diameter of a human arm, was used to validate heat transfer results using an IR camera and heat flux sensors 

with results from previous studies. Experiments on the circumferential variation of heat transfer to 

impingement jets from a human forearm were performed and was measured using a heat flux sensor and 

was compared with the heat transfer results obtained using natural convection. 

2.1. Introduction to Isothermal jets 

A submerged isothermal jet is a discharge of fluid into another fluid, which is at the same temperature as 

the jet fluid. In addition, a jet is called a free jet if it does not interact with any medium other than its 

surrounding. Several studies have been done on the variation of centerline velocities of free jets and the 

phenomena that surround it. An isothermal jet exiting a nozzle has three regions depending on the relative 

distance from the nozzle, namely, the initial region or potential region, the transition region and the fully 

developed region as shown in figure 1 [3]. In the initial region, which is the closest to the nozzle, the jet 

begins interacting with the surrounding stationary fluid and a shear layer develops because of the viscous 

effects of the static surrounding fluid. This mixing causes momentum transfer between the jet and the 

ambient air and causes the jet to slow down and widen its shape. However, this effect of slowing down does 
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not affect the velocity of the centerline of the jet until a certain distance. The region until this distance is 

called the potential/initial region and the distance is called the potential core length.  

Beyond the potential core region, the centerline velocity continues to decrease and the overall velocity 

profile of the jet continues to vary through the transitional region. At the end of the transitional region, the 

jet takes the shape of a Gaussian distribution and continues to be so for all further distances [4]. This region, 

which starts at the end of the transitional region, is called the main region of the jet.  The rate of decrease 

of centerline velocity in the main region was found to be inversely proportional to the distance from the 

exit. 

 

Figure 1: Regions of A free Jet, Abramovich G.N, Schindel L., The Theory of Turbulent Jets, MIT press, 2003, used under fair use,2016 

2.2. Background on heat transfer using impingement jets 

Impingement jets have been used in a variety of applications to provide high convective heat transfer rates, 

including cooling of stock material during material forming processes [5], cooling of electronic components 
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and turbine components, and other industrial processes. A range of uses and performance of impingement 

jets can be found in a number of reviews [4][6][7]. Heat transfer from an isothermal impingement jet of air 

depends on the curvature of the cylinder relative to the jet nozzle diameter, the distance of the cylinder from 

the jet nozzle relative to the jet nozzle diameter, Reynolds number, turbulence intensity and the geometry 

of the nozzle [6]. Cornaro et al. [8] studied the heat transfer from a convex surface to isothermal 

impingement jets over a range of Reynolds number (𝑅𝑒 = 6000 − 16000), jet exit-to-surface spacing 

(𝑧/𝑑 = 1 − 4) and cylinder to jet nozzle diameters (𝐷/𝑑 = 2.63 − 5.55). They concluded that the heat 

transfer increases with Reynolds number and curvature. The effect of curvature was found to be greater at 

larger Reynolds number. Tawfek [9] studied the circumferential and radial distribution of Nusselt number 

for distributions for a range of Reynolds numbers (𝑅𝑒 = 3800 − 40000), impingement distances (𝑧/𝑑 =

7 − 30) and curvature ratios (𝐷/𝑑 = 0.06 − 0.14). It was found that the drop in Nusselt number with 

increasing radial angle from the impingement points was higher for smaller nozzle to surface distances and 

smaller jet diameters. An increase in surface curvature was found to increase stagnation Nusselt number 

values. Wang et al. [10] discussed the heat transfer characteristics of a cylinder in crossflow for a range of 

curvature ratios (𝐷/𝑑 = 5,1,0.5) at a jet Reynolds number of 20000. They found that for small cylinders 

(D/d<0.5) the heat transfer characteristics was similar to that of a cylinder immersed a uniform crossflow 

and that larger cylinders behaved similarly to that of a flat plate. It was also found that inside the potential 

core region of the jet, where the centerline velocity of the jet is unchanged, the stagnation heat transfer was 

found to be higher for smaller cylinders whereas, outside the potential core, larger cylinders provided higher 

stagnation heat transfer. Lee et al. [11] studied the effects of a convex surface curvature on the local heat 

transfer of a round impingement jet for a range of distances (𝑧/𝑑 = 3.1 − 4.2) and Reynolds number (𝑅𝑒 =

11000 − 50000). They reasoned that the increase in stagnation Nusselt number with increasing curvature 

was because of the increased acceleration from the stagnation point for higher curvature. The maximum 

stagnation Nusselt number was found to be within 𝑧/𝑑 = 6 − 8. Balasubramanium [12] studied the effects 

of impinging distances for isothermal and non-isothermal impinging jets. It was found that heat transfer 
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was influenced by impinging distances, temperature and turbulence characteristics of the jet. Stagnation 

Nusselt number was found to match closely for both isothermal and non-isothermal jets at a fixed Reynolds 

number. The Frossling number distribution over the front portion of the cylinder (𝜃 = 0𝑜 − 90𝑜), based on 

the local centerline impinging temperature, was also found to be similar for both isothermal and non-

isothermal jets at 𝑧/𝑑 = 4, 8. Very little literature was found for large isothermal jets impinging on small 

cylinders (𝐷/𝑑 < 1) and the circumferential variation of Frossling numbers with Reynolds numbers for 

such cases. 

2.3. Background on thermal comfort and effect of wind/large jets on human body 

Human thermal comfort is affected by external environmental conditions, clothing and physical activity. 

According to the definition by ASHRAE, thermal comfort is a subjective response or condition of mind 

that expresses satisfaction with the surrounding thermal environment [13]. This standard is based on 

Fanger’s “comfort equation”, a heat balance model of a human body [14]. This method suggests calculation 

of a Predicted Mean Vote (PMV) index for identifying the thermal comfort of an environment based on six 

different parameters: air temperature, air velocity, mean radiant temperature, humidity, clothing and 

activity. This index varies between -3 for cold to +3 for hot. Another index named Predicted Percentage 

Dissatisfied (PPD) measures the degree of discomfort, predicts the percentage of people dissatisfied with 

the environment conditions, and the index value varies between 5% and 100%. However, these methods do 

not measure the heat flux directly but instead estimate it empirically, using temperature and other 

environmental conditions. A heat flux sensor, on the other hand, can be used to measure the heat flux from 

different parts of a human body directly. A heat flux sensor can also be integrated into a wearable electronic 

device to connect to the air-conditioning system, thus, helping personalize air conditioning.  

There are several computational and experimental studies done on heat transfer from a human body to 

external environments under natural convection and convective flow of air over the entire body or a thermal 

manikin [15][16][17][18]. Richard De Dear et al. [19] studied heat transfer from different body segments 

of a thermal manikin under natural and forced convection. The speed of uniform flow of air for this study 
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ranged from 0– 5 𝑚/𝑠. A radiative heat transfer coefficient of 4.5 𝑊/𝑚2/𝐾 was obtained. Hands, feet and 

peripheral limbs were found to have higher convective heat transfer coefficients than the central torso 

region. Li et al. [20] studied the effects of strong convective flow on the human body. Computational studies 

were also done and validated. It was found that the convective heat transfer coefficient of a human body 

varied as the square root of the wind velocity for high velocities (1.08 − 12.67 m/s). The convective heat 

transfer varied from 16.73 W/m2/K for a velocity of 1.08 m/s to 71 W/m2/K for a velocity of 12.67 for a 

frontal flow against the manikin. 

No literature has been found on the study of heat transfer from a human arm to an isothermal impingement 

jet and study of comparison of heat transfer measurements using an IR camera and a heat flux sensor for 

low heat flux input to a cylindrical surface. For the current study, heat transfer from a model cylinder to an 

isothermal cylindrical impingement jet of cylinder to jet diameter ratio of 0.6 for impingement distances 

(𝑍/𝑑 = 4,8) to replicate the heat transfer from a real human forearm and to compare the results with results 

from previous studies. The experiments were conducted at high Reynolds numbers (𝑅𝑒 = 43500) and heat 

flux input to the cylinder (𝑞𝑖𝑛
′′ = 1000𝑊/𝑚2) and was measured using both an IR camera and a heat flux 

sensor. Impingement jet heat transfer studies on the cylinder were later conducted at reduced heat flux input 

(𝑞𝑖𝑛
′′ = 150 𝑊/𝑚2, 200 𝑊/𝑚2) and Reynolds number (𝑅𝑒 = 17000, 31000), calculated based on heat 

transfer from a human hand to natural convection, to compare the performance of the IR camera and heat 

flux sensors at low heat flux input and Reynolds numbers. Studies on the circumferential variation of heat 

transfer from a human forearm to isothermal jets over a range of Reynolds number (𝑅𝑒 =  9500 − 41000) 

and impinging distances of four to eight jet diameters were also done. The results were compared with that 

obtained using natural convection. Further, empirical relations for variation of stagnation Nusselt number 

and average Nusselt number with Reynolds number were obtained with very high correlation. 
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3. Experimental Setup and Apparatus details 

3.1. Axial fan and wind tunnel for jet impingement 

An example of the experimental setup is shown in figure 2. An isothermal jet of diameter, ‘d’ was impinged 

on a uniformly heated cylinder of diameter ‘D’ at a distance ‘z’ from the nozzle opening. The impingement 

jet was generated using an axial fan wind tunnel. The DC powered fan draws in air at room temperature 

from the surroundings. The speed of the fan is controlled by varying the input voltage to the fan. The axial 

fan is powered by a TekPower 30V, 10A DC Power source. The inner diameter of the wind tunnel is 12.9 

cm and is 167.6 cm length. Flow straighteners are placed inside the wind tunnel at a distance of 122 cm 

from the fan to straighten any rotational component of velocity of air inside the wind tunnel. In addition, 

fiberglass screen meshes are also placed in the wind tunnel at a distance of 30.5, 81.3 and 168 cm from the 

fan to break the formation of boundary layers and make the axial velocity uniform. Velocity at the end of 

the wind tunnel was measured using a pitot tube fitted manometer (Dwyer Mark II).  

 

Figure 2: Experimental setup for impingement studies on a cylinder and a human forearm 
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Flow 
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3.2. Cylinder construction 

To mimic the dimensions of a human hand, a PVC cylindrical pipe of diameter 7.32 cm was used for the 

experiments. The cylinder has a total length of 66.55 cm and has a thickness of 0.61 cm. A 25.66 cm long, 

60Ω aluminum backed resistance heater was wrapped around the pipe and stuck on using a 3M permanent 

double sided tape. The aluminum foil backing ensures uniform distribution of heat flux across the surface 

of the cylinder. A 1.91 cm thick foam insulation was inserted inside the PVC pipe to provide additional 

insulation to minimize radial heat loss. The heater was coated with a thin layer of Aervoe Z635 Black 

Zynolyte High Temperature Paint with a measured emissivity of 0.94 (to simulate the behavior of an actual 

human hand’s emissivity) [21]. Previous research has shown the emissivity of the human skin to be in the 

range 0.95-0.97 [15][22][19][23]. The overall diameter of the cylinder including the heater was measured 

to be 7.44 cm. The heater was connected to a Model SC-10 T AC Variac with a maximum rating of 2kW 

when power in the order of 1000W/m2 was supplied. For lower power input, a HP Model 6220B DC power 

supply was used. A Hewlett Packard Model 3468A Multimeter was used for reading the supplied voltage 

and measuring the resistance of the heater. A Texas Instrument Launchpad with a custom shield to amplify 

the incoming signals was used for measuring the temperature and heat flux from thermocouples and heat 

flux sensors. Figure 3 shows the cross section of the cylinder and the detailed view of the construction.  
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Figure 3: Cross-sectional view of the model cylinder 

3.3. IR Camera and Heat Flux Sensor 

A FLIR A655SC IR Camera was used to obtain the circumferential temperature distribution of the heated 

cylinder through FLIR Tools software. The camera has a measurement range of -40 to 150oC with an 

accuracy of ±2% and has an image resolution of 640x480 pixels. Data from the camera was streamed to a 

computer system using Gigabit Ethernet cable, and was visualized and processed using FLIR tools software. 

Detailed studies on uses of IR camera for heat transfer measurements can be found in a number of reviews 

[24][25][26]. The camera was mounted on an articulating arm, to allow for rotation and adjustment of its 

position relative to the cylinder. The camera was calibrated using a T-type thermocouple. In later 

experiments, a 2.54 cm x 2.54 cm Fluxteq PHFS-01 printed thin-film heat flux sensor with an embedded 

T-type thermocouple was used to measure the temperature and heat flux from the surface to the 

surroundings. Previous studies suggest that there are significant errors in temperature readings using an IR 

camera at surface angles greater than 600 from the normal viewing angle to the IR camera [24][27]. These 

errors are a result of directional emissivity of a surface. The quantification of the range of IR camera 

viewing angle for accounting the directional emissivity of curved surfaces is detailed in Appendix D. For 

the current experiments, the IR camera was fixed at an angle of 450 with respect to the stagnation point 

PVC Pipe 

Foam insulation 

Heater with Aluminum Foil 
backing (painted black) 
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(θ=00) to measure surface temperatures on the front of the cylinder (θ=00 to 900). The IR camera was then 

placed at an angle 1350 from the stagnation point to measure the surface temperature of the rear portion (θ= 

900 to 1800). Figure 4 shows the placement of the IR camera relative to experimental setup in figure 2. 

 

Figure 4: Positions of IR camera for temperature measurements 

For experiments using a sensor for measuring the heat flux and temperature of the cylinder, Fluxteq PHFS-

01 model heat flux sensors [28] were used. The sensors were calibrated to ASTM C1130 standard. The 

calibration process involves using a guarded plate apparatus and uses a NIST traceable piece of insulation. 

The 6.35x8.9 cm rectangular heat flux sensor was pasted onto the outer surface of the heater using a 3M 

double-sided adhesive tape. A sensor with a sensitivity value of 0.617 μV/W/m2 was used for experiments 

on the comparison of results from the IR camera and the sensor. For experiments on natural convection, a 

sensor with a sensitivity of 0.85 μV/W/m2 was used. Experiments on heat transfer to impingement jets from 

a human forearm were done using a sensor with a sensitivity of 1.02 μV/W/m2. In order to measure the 

angular displacements from the stagnation point, a paper grid was placed on the cylinder’s surface and the 

grid vortices were marked on the IR camera. The angular displacement between successive points was 50. 

Appendix C details the construction of the paper grid used for angular measurements. 
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3.4. Natural convection experimental setup 

Experiments on measuring the heat flux and temperatures of a normal clothed human forearm and 

experiments to measure heat transfer from a human hand to the impingement jet were conducted with the 

help of a male Virginia Tech student. Heat flux sensors were used to measure the heat flux and temperatures. 

The emissivity of the skin was taken to be 0.96. The experimental setup as shown in figure 5 was used to 

conduct natural convection experiments on the prototype as well as a human forearm. A controlled 

environment was used to limit the influence of external disturbances. A cuboidal enclosure made of 

polythene plastic material was used for the experiments. The enclosure was supported around the edges by 

wooden bars. It was ensured that there is no significant heating of air inside the enclosure while performing 

experiments. Wooden mounts were placed at the center of the enclosure to ensure the free flow of air around 

the cylinder and the hand placed on these mounts. Temperature and heat flux measurements were obtained 

using a heat flux sensor. The angle 𝜃 = 00 was taken to be with respect to a level horizontal ground to 

maintain consistency with the angle 𝜃 = 00 for experiments using impingement jets. For each experiment, 

five measurements were taken at a uniform interval of 450 from 𝜃 = −900 to 𝜃 = 900 because the sensor 

covered an angle of about 300. 

 

Figure 5: Setup for controlled natural convection experiments 
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Experiments on heat transfer to impingement jets from a human forearm were also conducted. Unlike the 

model cylinder, the heat flux from a human arm is not known and varies over long time periods, thus 

necessitating the use of a heat flux sensor for measuring the heat flux. The heat flux sensor described earlier 

was pasted on the forearm using a double-sided adhesive tape. The wooden mounts used for holding the 

cylinder was used to hold the arm in position in front of the impingement jet. The forearm with the sensor 

was rotated to change the angle of the sensor with respect to the stagnation point. The diameter of the 

forearm at the location of the sensor was 8.1 cm. The axial fan wind tunnel as described earlier was used 

for generating the jet for impingement on the forearm.  
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4. Data Reduction and Uncertainty Analysis 

For experiments done using the uniformly heated cylinder, the heat input to the cylinder (𝑞𝑖𝑛
′′ ) can be 

calculated as shown in equation 1. 

𝑞𝑖𝑛
′′ =

𝑉2

𝑅𝐴
 (1) 

Where V is the supplied voltage, R is the resistance of the heater and A is the surface area of the heater. 

The net heat flux convected (𝑞𝑐𝑜𝑛𝑣
′′ ) from the cylinder to the impingement jet can be found using the energy 

balance equation as shown in equation 2. 

𝑞𝑐𝑜𝑛𝑣
′′ = 𝑞𝑖𝑛

′′ − 𝑞𝑟𝑎𝑑
′′ − 𝑞′′

𝑐𝑜𝑛𝑑,𝑟 − 𝑞𝑐𝑜𝑛𝑑,𝑠
′′  (2) 

Where, 𝑞𝑖𝑛
′′  is the net power input to the heater given by equation 1, 𝑞𝑟𝑎𝑑

′′  is the radiative heat loss to the 

surroundings given by equation 3. 

𝑞𝑟𝑎𝑑
′′ = 휀𝜎(𝑇4 − 𝑇inf

4 ) (3) 

Where 휀 is the emissivity of the surface, 𝜎 is the Stfan-Boltzmann constant (= 5.68 ∗ 10−8), 𝑇 is the local 

surface temperature in Kelvin and 𝑇𝑖𝑛𝑓 is the temperature of the surrounding air. 𝑞′′
𝑐𝑜𝑛𝑑,𝑟 is the radial 

conduction losses through the rear of the cylinder given by equation 4. 

𝑞′′
𝑐𝑜𝑛𝑑,𝑟 =

𝑇 − 𝑇𝑖𝑛𝑓

𝜋𝐷(𝑅𝑃𝑉𝐶 + 𝑅𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛)
 (4) 

Where, 𝑅𝑃𝑉𝐶 is the thermal resistance of the PVC pipe and 𝑅𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 is the thermal resistance of the 

insulation foam. 𝑞𝑐𝑜𝑛𝑑,𝑠
′′  in equation 2 is the heat flux correction due to circumferential conduction through 

the Aluminum foil, caused by the temperature difference along the circumference of the cylinder. This term 

can be calculated using a 1-D heat conduction equation along the thickness of the cylinder, as shown in 

equation 5. 

𝑞𝑐𝑜𝑛𝑑,𝑠
′′ = −𝑘𝐴𝑙𝑡𝐴𝑙

𝜕2𝑇

𝜕𝑠2
 (5) 
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Where, 𝑘𝐴𝑙 is the thermal conductivity of the aluminum foil and 𝑡𝐴𝑙 is the thickness of the foil and s denotes 

the direction along the circumference of the cylinder. The above equation was solved by curve fitting a 

sixth order polynomial on a plot of local temperature versus the location along the circumference, taking 

𝑠 = 0 to be the stagnation point to obtain the second derivative of the temperature with respect to its 

circumferential location. The local convection heat transfer coefficient (ℎ𝑐) and the Nusselt number (𝑁𝑢) 

at each location can be found as shown in equations 6 and 7. 

ℎ𝑐 =
𝑞𝑐𝑜𝑛𝑣

′′

𝑇 − 𝑇𝑖𝑛𝑓
 (6) 

𝑁𝑢 =
ℎ𝑐𝐷

𝑘𝑎𝑖𝑟
 (7) 

Where, 𝑘𝑎𝑖𝑟 is the thermal conductivity of air. For a cylinder in cross flow, the local Frossling Number is 

defined as the ratio of the local Nusselt number and the square root of the Reynolds number of the flow. As 

shown in equation 8. 

𝐹𝑟 =
𝑁𝑢

√𝑅𝑒𝐷

 (8) 

Where 𝑅𝑒𝐷 is the Reynolds number calculated based on the cylinder diameter, 𝐷, jet velocity at the nozzle 

exit, 𝑣0 and kinematic viscosity (𝜈) at film temperature (𝑅𝑒𝐷 = 𝑣0𝐷/𝜈). The average Frossling number 

was obtained by numerically integrating the local Frossling number over the circumference of the cylinder 

(θ=00 to 1800).  

For experiments on the prototype using a heat flux sensor, the convective heat flux can be obtained using 

equation 9.  

𝑞𝑐𝑜𝑛𝑣
′′ =

𝑉

𝑆
− 𝑞𝑟𝑎𝑑′′ (9) 

Where V is the voltage measurement from the sensor and S is the sensitivity in V/W/m2. The Nusselt 

number and Frossling number can be found using the previous equations 5 and 6. The temperature 

measurements were obtained using a T- type thermocouple embedded in the sensor. 
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Experimental uncertainty for all experiments conducted was calculated using the method laid out by Moffat 

[29]. A detailed explanation on calculation of the uncertainty of Frossling number and uncertainty of the 

instruments used for measuring temperatures, heat fluxes and velocities have been included in Appendix 

A. Uncertainty for each set of experiments have been discussed in the results section. 
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5. Results and Discussion 

5.1. Variation of centerline velocity 

Figure 6 shows the variation of centerline velocity of the jet (𝑣𝑗) with distance from the jet nozzle exit at 

𝑅𝑒 = 45000. The values of jet velocity have been normalized with respect to the jet velocity at the exit of 

the nozzle (z=0) and the distance has been normalized with respect to the nozzle diameter. The centerline 

velocity remains constant from a distance of 𝑧/𝑑 = 0 until 𝑧/𝑑 = 4. There is a steady drop in centerline 

velocity from 𝑧/𝑑 = 8 until 𝑧/𝑑 = 16. This suggests that the potential core region of the jet ends at distance 

between 𝑧/𝑑 = 4 until 𝑧/𝑑 = 8. The reduction of the centerline velocity from z/d=8 to z/d=16 can be 

attributed to the increasing entrainment effect of the surrounding stagnant air. The jet centerline velocity 

was found to decrease with the inverse of distance. The values of normalized centerline velocity of an 

isothermal impingement jet match very well with the results obtained by Balasubramanian [12] and 

Malmström et al. [30] to within the bounds of estimated uncertainties shown in figure 6.  

 

Figure 6: Centerline jet velocity variation with distance from nozzle (Re=43500)  
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5.2. Local Frossling number distribution around the cylinder circumference in a jet flow 

Figure 7 shows the variation of Frossling number along the circumference of the cylinder for Reynolds 

number of 43500 at normalized distances, 𝑧/𝑑 = 4 and 𝑧/𝑑 = 8 using the IR camera. The local Frossling 

number, irrespective of impingement distance tends to decrease with increasing angle with respect to the 

stagnation point until 𝜃 = 900 to 𝜃 = 1200, due to the growth of thermal boundary layer. For angles 

greater than 𝜃 = 1200, there is a gradual increase in the heat transfer caused by reverse periodic vortices, 

after reattachment of free shear layer [31]. Further, the heat transfer from the cylinder at all angles is larger 

for 𝑧/𝑑 = 8 compared to 𝑧/𝑑 = 4.  This can be attributed to an increase in turbulence of the impingement 

jet due to increasing entrainment effect of the surrounding stagnant air [12]. The heat transfer distribution 

for 𝑧/𝑑 = 4 matches well with the results obtained by Sanitjai and Goldstein [32] with a maximum of 10% 

difference in the circumferential Nusselt number distribution. They performed heat flux measurements on 

a uniformly heated cylinder immersed in a crossflow from an impingement jet from a rectangular nozzle, 

over a wide range of Reynolds numbers at an impinging distance of 𝑧/𝑑 = 5. The Frossling number 

variation for both impingement distances also matches closely with the results obtained by 

Balasubramanium et al. [12] to within 6% difference. The estimated average uncertainty in the 

measurement of Frossling number was found to be around 4.4% for 𝑅𝑒 = 43500, 𝑧/𝑑 = 4 and 𝑧/𝑑 = 8. 

 
Figure 7: Variation of Frossling number along the circumference in a jet flow (Re=43500) 
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5.3. Comparison of heat transfer results from heat flux sensor and IR camera 

Figure 8 shows the variation of local Frossling number along the circumference of the cylinder for a jet 

Reynolds number of 43500, using both a heat flux sensor and the IR camera. The measurements were taken 

simultaneously using both the sensor and the IR camera. Figure 8 also includes the variation of local 

Frossling number calculated using only temperature measurements from the thermocouple embedded in the 

sensor. Frossling numbers using this method were calculated using equations developed for Frossling 

number calculations using an IR camera (equations 1-6).  

It can be observed that although the Frossling number plot for all three cases match well for angles from 

𝜃 = 00 to 𝜃 = 700 and from 𝜃 = 1200 to 𝜃 = 1800, the curvature of the Frossling number variation 

found using the heat flux sensor is more than that found using the IR camera. The reason for mismatch of 

the Frossling numbers variation in the range 𝜃 = 700 to 𝜃 = 1200 can be attributed to the fact that the 

heat flux sensor averages the heat flux over its area, which covers an angle of 300 along the circumference 

of the cylinder. This averaging effect leads to values lower than actual value at any given point for a concave 

curve. This can be confirmed using the third curve found using the thermocouple in the heat flux sensor, 

which measures the temperature of a point rather than averaging. The estimated average uncertainty for 

calculating the Frossling number using the IR camera was 4.4%, 3.9% using the heat flux sensor and 4.3% 

using the thermocouple. Uncertainty in the velocity measurements were found to be the major contributor 

to the uncertainty in Frossling number whereas uncertainty in temperature measurements were found to be 

major contributor to uncertainty in the calculation of Nusselt numbers. The reduction in temperature due to 

placement of sensor was found to be 0.60C when compared with the results obtained using the IR camera. 

This translates to a 4% change in temperature difference due to placement of the sensor. Since the 

convective heat flux and the Frossling number is varies directly with the temperature difference, the change 

in Frossling number due to placement of sensor is also 4% which matches with the calculated estimated 

uncertainty of the Frossling number.  
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Figure 8: Comparison of circumferential variation of Frossling number (z/d=4, Re=43500) 
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surroundings, the lower temperature difference (~40C) for the set of experiments when compared to the 

previous experiments (~180C) leads to greater uncertainty. The heat-flux sensor measures heat flux directly 

and so the uncertainty in measuring the Frossling number values do not increase as much as the IR camera 

at reduced input heat flux. Moreover, measurement of heat flux from a human arm using an IR camera 

requires the knowledge of total heat flux output from the forearm, which changes significantly depending 

on the metabolic rate of the person[15,23]. Thus, for experiments involving low temperature differences, 

the heat flux sensor was used instead of an IR camera. 

 

Figure 9: Comparison of circumferential Frossling number variation around a cylinder in a jet using an IR camera and a heat 
flux (H.F.) sensor (z/d=4, Re=17000, 31000) 
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manner as was done for the uniformly heated cylinder earlier [31]. Further, the decrease in local Frossling 

number with the Reynolds number near the flow separation region, between the angles, 𝜃 = 900 to 𝜃 =

1200, found to be more at 𝑧/𝑑 = 8 than 𝑧/𝑑 = 4 and vice versa for the backside of the cylinder (𝜃 = 1350 

to 𝜃 = 1800).  

It was also found that the average Frossling number at 𝑧/𝑑 = 8 was greater than at 𝑧/𝑑 = 4 for all Reynolds 

numbers as shown in figure 11. A 56% increase in average Frossling number between Reynolds numbers 

9500 and 41000 was obtained. The rate of increase of the average Frossling number for 𝑧/𝑑 = 8 was found 

to be slightly greater than that for 𝑧/𝑑 = 4. The Frossling number variation matches well with the results 

obtained with the uniformly heated cylinder. According to the uncertainty analysis method provided in 

Moffat [29], the average estimated uncertainty and the average uncertainties of Frossling number values 

under 95% confidence interval for the individual experiments at 4D and 8D are as tabulated in Tables 1 and 

2. The large difference between the uncertainty between Nusselt number and the Frossling number is 

because of the uncertainty in Reynolds number increases with decreasing speed. 

 
        a 

 
         b 

Figure 10: Circumferential variation of Frossling number for different jet Reynolds number at a) z/d=4 and b) z/d=8 
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Figure 11: Variation of average Frossling number of a forearm with Reynolds number of the jet at z/d=4 and 8 

Table 1: Uncertainties in calculation at z/d=4 for different Reynolds numbers 

Re 
Estimated Uncertainty (%) 

95% CI for Fr (%) 
Fr  Nu hc  
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13750 15.88 1.52 1.76 1.87 

17000 12.91 1.35 1.56 1.25 

30000 6.29 0.9 1.2 1.13 

41000 4.85 0.85 1 0.93 

 

Table 2: Uncertainties in calculation at z/d=8 for different Reynolds numbers 
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5.5. Measurement of heat transfer under natural convection 

A detailed circumferential variation study on natural convection (N.C.) on the forearm was done using a 

heat flux sensor on the backside of the forearm. Twenty experiments on the forearm were conducted in an 

open environment setting, twenty experiments were conducted under the controlled environment described 

in the section on experimental setup and fifteen experiments were conducted on the heated cylinder under 

the controlled environment for comparison. As previously mentioned, the angle 𝜃 = 00 was taken to be 

with respect to a level horizontal ground. The heat transfer results from the individual experiments for all 

three cases are shown in Appendix F. Figure 12 shows a combined result of the circumferential variation 

of convective heat transfer coefficient for a human forearm. The convective heat transfer coefficient 

averaged over the circumference (ℎ𝑐,𝑎𝑣𝑔 = 3.32 𝑊/𝑚2/𝐾 ) match the result obtained by Churchill and 

Chu [33] on a cylinder under natural convection (ℎ𝑐,𝑎𝑣𝑔 = 3.35 𝑊/𝑚2/𝐾). The general trend of the curves 

is a nearly constant heat transfer coefficient value from 𝜃 = −900 to 𝜃 = −450 and then a gradual 

decrease in the value from 𝜃 = −450 to 𝜃 = 900. The circumferential variation of convective heat transfer 

coefficient match well between the human forearm and the heated cylinder.  

The convection heat transfer and uncertainty in the open environment were found to be more than the results 

obtained from the control environment. Small wafts of air, resulting from external disturbances, increases 

the heat transfer coefficient and its variation in an open environment. The uncertainties of convection heat 

transfer coefficient values under 95% confidence are 9.2% for experiments on the forearm in a control 

environment, 32.6% for experiments on the forearm in an open environment, 17.7% for experiments on the 

cylinder in a control environment. The maximum variation in measurements was found to be at 900 for all 

three cases. 
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Figure 12: Circumferential variation of convection heat transfer coefficient of a forearm and a cylinder under natural 
convection for open and control environment 

 

Figure 13 shows the comparison of convection heat transfer coefficient averages over the circumference of 

the human forearm over a range of jet velocities and due to natural convection. It can be observed that there 

is a significant improvement in heat transfer using impingement jets when compared to heat transfer by 

natural convection. A nearly four-fold increase in convection heat transfer coefficient was obtained for a 

jet velocity of 2 m/s when compared with that under natural convection in an open environment and a five-

fold increase compared to natural convection in the control environment. 

 

Figure 13: Variation of average convection heat transfer coefficient of a forearm with jet velocity at z/d=4 and 8 
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5.6. Correlations for estimating heat transfer to large isothermal jets 

5.6.1. Variation of stagnation Nusselt number with Reynolds number 

Figure 14 shows the variation of stagnation point Nusselt number with Reynolds number of the heated 

cylinder using a heat flux sensor at 𝑧/𝑑 = 4. The overall convective heat transfer in terms of Nusselt 

number around a circular cylinder is typically correlated by a power law relationship (equation 10) 

𝑁𝑢 = 𝐶. 𝑅𝑒𝑚 (10) 

Based on this equation, a curve fit analysis was performed and the values of C and m were found to be 

0.458 and 0.571 with an R2 value of 0.97 (equation 11). The Nusselt number values obtained using this 

correlation is in good agreement with the values obtained using the correlation found by Sanitjai and 

Goldstein [32], who obtained the power coefficient in equation 10 to be 0.5.  

𝑁𝑢 = 0.477𝑅𝑒0.567 (11) 

 
Figure 14: Variation of stagnation Nusselt number with Reynolds number for a heated cylinder (z/d=4) 

 

Figure 15.a and 15.b show the variation of stagnation Nusselt number with Reynolds number of a human 
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number was found to be greater for 𝑧/𝑑 = 8 than 𝑧/𝑑 = 4 as was found in the uniformly heated cylinder 

at 𝑅𝑒 = 43500.  

𝑁𝑢 = 0.6𝑅𝑒0.533 (12) 

𝑁𝑢 = 0.28𝑅𝑒0.618 (13) 

The power coefficient of stagnation Nusselt number correlation obtained for a human forearm matches 

the coefficient obtained using the heated cylinder to within 5%. 

 
        a 

 
         b 

Figure 15: Variation of stagnation Nusselt number with Reynolds number for a human forearm at a) z/d=4 and b) z/d=8 
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𝑁𝑢 = 0.035𝑅𝑒0.767 (14) 

𝑁𝑢 = 0.025𝑅𝑒0.809 (15) 

 

 
        a 

 
         b 

Figure 16: Variation of average Nusselt number with Reynolds number for a human forearm at a) z/d=4 and b) z/d=8 
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6. Conclusion and Future Scope 

6.1. Conclusion 

The possibility of use of impingement jets for creation of microenvironment was studied. Centerline 

velocity distribution of the impingement jet showed that the potential region of the jet was at a distance of 

𝑧/𝑑 = 4 − 8. Circumferential variation of heat transfer studied on a model cylinder impinged on by a 

horizontal isothermal jet at various distances and Reynolds number showed that the Frossling number 

increases with distance from 𝑧/𝑑 = 4 until 𝑧/𝑑 = 8 at any given point on the cylinder. It was found that 

use of heat flux sensor led to lower uncertainty when compared to an IR camera at lower heat flux 

measurements. Further, the study on circumferential variation of heat transfer to isothermal impingement 

jets was studied on a human forearm showed that there is a significant increase in heat transfer using the jet 

when compared to natural convection. A five-fold increase in convection heat transfer coefficient was 

observed between heat transfer through natural convection in a controlled environment and that using an 

impingement jet at Reynolds number as low as 9500. Empirical correlations for predicting the stagnation 

and average Nusselt number were developed with high values of correlation coefficients. Overall, it was 

found that isothermal impingement jets could be used to provide substantial heat transfer over the range of 

Reynolds number and impinging distances tested and so has significant potential to be used for local thermal 

comfort and an effective means to build thermally conditioned microenvironments. 

6.2. Future Scope 

This work focuses on heat transfer from a human arm to large horizontal isothermal jets impinging on it in 

a transverse direction. This study can leter be extended to other body parts such as the head, legs as well to 

get a better understanding of the human body in a thermal microenvironment. Comparison of heat transfer 

from non-isothermal jets to simulate the cold air from an HVAC system with the heat transfer results from 

isothermal currently obtained can be done and correlations for heat transfer for such flows can also be 

developed.  Impinging directions other than transverse, such as at an oblique angle can also be studied to 

understand heat transfer from an individual when the individual’s orientation is not directly in the transverse 



 

 30 

direction of the jet flow. Comparison of the proposed microenvironment creation system with the already 

existing ones in terms of economic viability, overall energy usage and thermal comfort would help in 

understanding the benefits and drawbacks of these systems. 
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Appendix 

Appendix A: Determination of uncertainty in Frossling number 

Uncertainty calculations were done using the method explained by Moffat [29]. Estimated uncertainties for 

various parameters such as the heat transfer coefficient, Nusselt number, Reynolds number and Frossling 

number were calculated in this study. 

Estimated uncertainty for local Frossling number measured using IR camera: 

The overall convective flux at any point on the cylinder measured using an IR camera is given by equation 

2. 

𝑞𝑐𝑜𝑛𝑣
′′ = 𝑞𝑖𝑛

′′ − 𝑞𝑟𝑎𝑑
′′ − 𝑞′′

𝑐𝑜𝑛𝑑,𝑟 − 𝑞𝑐𝑜𝑛𝑑,𝑠
′′   

Using equations 1, 3, 4 and 5 in equation 2, the following equation is obtained. 

𝑞𝑐𝑜𝑛𝑣
′′ = ℎ𝑐(𝑇 − 𝑇𝑖𝑛𝑓) =

𝑉2

𝑅𝐴
− ϵσ(T4 − 𝑇𝑖𝑛𝑓

4 ) −
𝑇 − 𝑇𝑖𝑛𝑓

𝜋𝐷(𝑅𝑃𝑉𝐶 + 𝑅𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛)
+ 𝑘𝐴𝑙𝑡𝐴𝑙

𝜕2𝑇

𝜕𝑠2
  

The convection heat transfer coefficient can be found using equation 2 and 6. 

ℎ𝑐 =
𝑉2

𝑅𝐴(𝑇 − 𝑇𝑖𝑛𝑓)
− ϵσ(T2 + 𝑇𝑖𝑛𝑓

2 )(𝑇 + 𝑇𝑖𝑛𝑓) −
1

𝜋𝐷(𝑅𝑃𝑉𝐶 + 𝑅𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛)
+

𝑘𝐴𝑙𝑡𝐴𝑙

(𝑇 − 𝑇𝑖𝑛𝑓)

𝜕2𝑇

𝜕𝑠2
  

The uncertainty in hc (𝑈ℎ𝑐) can then be found as shown 

𝐶1 =
𝜕ℎ

𝜕𝑉
=

2𝑉

𝑅𝐴(𝑇 − 𝑇𝑖𝑛𝑓)
  

𝐶2 =
𝜕ℎ

𝜕𝑇
= −

𝑉2

𝑅𝐴(𝑇 − 𝑇𝑖𝑛𝑓)
2 − ϵσ(3T2 + 2𝑇𝑇𝑖𝑛𝑓 + 𝑇𝑖𝑛𝑓

2 ) +
𝑞𝑐𝑜𝑛𝑑,𝑠

(𝑇 − 𝑇𝑖𝑛𝑓)
2  

𝐶3 =
𝜕ℎ

𝜕𝑇𝑖𝑛𝑓
=

𝑉2

𝑅𝐴(𝑇 − 𝑇𝑖𝑛𝑓)
2 − ϵσ(T2 + 2𝑇𝑇𝑖𝑛𝑓 + 3𝑇𝑖𝑛𝑓

2 ) −
𝑞𝑐𝑜𝑛𝑑,𝑠

(𝑇 − 𝑇𝑖𝑛𝑓)
2  
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𝑈ℎ𝑐 = √𝐶1
2𝛿𝑉2 + 𝐶2

2𝛿𝑇2 + 𝐶3
2𝛿𝑇𝑖𝑛𝑓

2   

The uncertainty in Nu (𝑈𝑁𝑢) is given by 

𝜕𝑁𝑢

𝜕ℎ𝑐
=

𝐷

𝑘
  

𝑈𝑁𝑢 =
𝐷

𝑘
𝑈ℎ𝑐  

The uncertainty in Frossling number can be found using 𝑈ℎ𝑐 and 𝑈𝑁𝑢  

𝜕𝐹𝑟

𝜕𝑁𝑢
=

1

√𝑅𝑒
  

𝜕𝐹𝑟

𝜕𝑣
= −

𝐹𝑟

2𝑣
  

The jet centerline velocity is calculated based on the readings obtained by a pitot tube connected to a 

differential manometer. The uncertainty in velocity can be found using the accuracy of the manometer. The 

centerline velocity is measured by the formula 

𝑣 = √2𝑔h  

Therefore the uncertainty in jet velocity (𝛿𝑣) is 

𝛿𝑣 =
𝑣

2ℎ
𝛿ℎ  

The percentage uncertainty in Frossling number can be then found 

𝑈𝐹𝑟% =
𝑈𝐹𝑟

𝐹𝑟
∗ 100  

The uncertainty budget for the parameters measured are as tabulated below in table 3. 
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Table 3: Uncertainty budget for calculation of parameters 

𝛿𝑉 (Supplied Voltage) 0.01 V 

𝛿𝑇 (Surface Temperature) 0.2 0C 

𝛿𝑇𝑖𝑛𝑓 (Ambient Temperature) 0.2 0C 

𝛿ℎ (accuracy of manometer) 0.03 inches 

For a jet Reynolds number of 43500 and a supply voltage of 61.5 V to the heater, the uncertainty in average 

Frossling number was found to be 4.4%.  

Estimated uncertainty for local Frossling number measured using a heat flux sensor: 

The overall convective flux at any point on the cylinder measured using an IR camera is given by the 

equation 

𝑞𝑐𝑜𝑛𝑣
′′ = ℎ𝑐(𝑇 − 𝑇𝑖𝑛𝑓) =

𝑉𝑠

𝑆
− ϵσ(T4 − 𝑇𝑖𝑛𝑓

4 )  

ℎ𝑐 =
𝑉𝑠

𝑆(𝑇 − 𝑇𝑖𝑛𝑓)
− ϵσ(T2 + 𝑇𝑖𝑛𝑓

2 )(𝑇 + 𝑇𝑖𝑛𝑓)  

The uncertainty in hc (𝑈ℎ𝑐) can then be found as shown 

𝐶1 =
𝜕ℎ

𝜕𝑉𝑠
=

1

𝑆(𝑇 − 𝑇𝑖𝑛𝑓)
  

𝐶2 =
𝜕ℎ

𝜕𝑇
= −

𝑉𝑠

𝑆(𝑇 − 𝑇𝑖𝑛𝑓)
2 − −ϵσ(3T2 + 2𝑇𝑇𝑖𝑛𝑓 + 𝑇𝑖𝑛𝑓

2 )  

𝐶3 =
𝜕ℎ

𝜕𝑇𝑖𝑛𝑓
=

𝑉𝑠

𝑆(𝑇 − 𝑇𝑖𝑛𝑓)
2 − −ϵσ(T2 + 2𝑇𝑇𝑖𝑛𝑓 + 3𝑇𝑖𝑛𝑓

2 )  

𝑈ℎ𝑐 = √𝐶1
2𝛿𝑉𝑠

2 + 𝐶2
2𝛿𝑇2 + 𝐶3

2𝛿𝑇𝑖𝑛𝑓
2   

The uncertainty in Nusselt number and Frossling number were calculated in a manner similar to the method 

used for estimated uncertainty of local Frossling number measured using IR camera.  Uncertainty budget 

for measurement of V was taken as 0.000001V and the budget for the other uncertainties are as shown in 
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table 3. For a jet Reynolds number of 43500 and a supply voltage of 61.5 V to the heater, the uncertainty 

in average Frossling number was found to be 3.9%.   

Appendix B: Method of estimation of convection heat transfer coefficient of a human 

forearm using an IR camera 

An estimating of convective heat flux from a human forearm was done using an IR camera.  

Experimental setup 

Experiments on measuring the heat flux and temperatures of a normal clothed human body were conducted 

with the help of a Virginia Tech student. An IR camera was used to measure temperatures and calculate the 

heat flux. The measurements of different sections of the boy were taken with the student wearing black 

cotton clothes and standing in an upright posture. The emissivity of cotton fabric was obtained from 

previous studies to be 0.7[34]. The emissivity of the skin was taken to be 0.96.  

Data Reduction analysis 

The total heat transfer coefficient (ℎ𝑡) was found using equation. 

ℎ𝑡 =
𝑞𝑚𝑒𝑡

∑ 𝐴𝑖(𝑇𝑖 − 𝑇𝑖𝑛𝑓)𝑖

  

Where 𝑞𝑚𝑒𝑡 is the metabolic rate of a human body, 𝐴𝑖 is the surface area of the ith body part. 𝑇𝑖 is the 

surface temperature of the ith body part. A reasonable value of metabolic rate for persons performing 

sedentary activities was obtained from previous studies [35–37] to be 1 Met (1 Met = 58.15 W/m2). The 

convective heat transfer coefficient (ℎ𝑐) from a particular body part, 𝑖 can then be found using the equations.  

𝑞𝑐𝑜𝑛𝑣
′′ = ℎ𝑡(𝑇𝑖 − 𝑇𝑖𝑛𝑓) − 𝑞𝑟𝑎𝑑

′′   

ℎ𝑐 =
𝑞𝑐𝑜𝑛𝑣

′′

𝑇 − 𝑇𝑖𝑛𝑓
  

Results and discussion 

Convective heat transfer coefficient from a human forearm was estimated based on the temperature readings 

using the IR camera. Figure 17 shows a sample image from the IR camera. Figure 18 shows the average 
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temperature measurements of different body parts using an IR camera. Area percentages for different body 

parts were obtained from previous studies [19,38]. Convective heat transfer coefficient for the forearm was 

estimated to be 4.4 W/m2/K based on a metabolic rate of 1 Met obtained from previous studies. This is 

slightly greater than the results obtained by R.J. De Dear et al. [18] (3.8 W/m2/K) because clothing reduces 

the heat transfer, due to an increase in resistance and thus increases heat transfer in the exposed regions.  

 

Figure 17: Measurement of temperature of human forearm using an IR camera 

Heat flux sensor 
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Figure 18: Temperature measurements of the human body obtained using an IR camera 

Appendix C: Construction of a paper grid for measurement of angles using an IR camera 

Colban et al.[39] used grid vortices from a 1 cm2 square placed on the curved surface to perform a third-

order polynomial surface transformation to take care of the curvature effect. For this study, a method similar 

to the one used by Balasubramanium et al. is used [12] to mark angular measurement on an IR camera feed. 

A 14 cm (5.5’’) wide and 23 cm long sheet of paper was used to cut out 36 equal rectangular strips of width 

3.2 mm and equally spaced apart by 3.2 mm. The calculation were done based on the circumference of the 

cylinder and that 50 along the curved surface of the cylinder would be (5x23/360) cm on a sheet of paper 

wrapping the cylinder. The strip cut in such a way that the end of the strip lines up with the middle of the 

cylinder when the top edge of the sheet is placed on one edge of the heater. The length of the cut was 7 cm 

to provide good visibility of the heated surface when viewed with an IR camera. A drawing of such a grid 

is as shown in figure 19.  
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Figure 19: Grid used for angular measurements 

The sheet is wrapped around the cylinder such that the 14 cm edges are parallel to the axis of the cylinder. 

Each of the cut and uncut strips form an alternating 50 measurement pattern.  

Experimental procedure 

The heater was first set to desired value of heat flux. The angle measurement grid was then wrapped around 

the cylinder. The IR camera was used to view the front portion or the back portion of the cylinder as shown 

in figure 20. The grid vortices can be seen using the IR camera because of differences in temperature 

readings between the alternating strips of the grid. These points were marked on the IR feed using FLIR 

tools. Successive markings on the IR image represents 50 increments in surface angle along the cylinder’s 

circumference. The grid can then be taken off and the rest of the experimental procedure can be continued. 

 

7 cm 

5.5 cm 

14 cm 

23 cm 

Top edge of the sheet 
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Figure 20: IR camera image of the grid wrapped around the heated cylinder 

Appendix D: Quantification of limits of IR camera viewing angle to account for directional 

emissivity of curved surfaces 

The angle between the surface normal and the normal to the camera has a significant effect on the accuracy 

of the IR camera reading. As mentioned earlier, this is caused due to the directional emissivity of surfaces. 

When a curved surface such as a cylinder, is viewed normally using an IR camera, parts of the curved 

surface of the cylinder that are curved away from the IR camera emit lesser IR radiation towards the camera. 

This, in turn, results in an inaccurate measurement of surface temperature. Previous studies have shown 

that for viewing angles greater 600, a measurement error of 0.40C was observed. Such errors can lead to 

high uncertainties in low temperature measurements. Therefore, proper quantification of limits of the 

Angle measurement grid 
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camera-viewing angle is necessary. A method similar to the one used by Balasubramanium et al.[12] was 

used for the quantification.   

Experimental Setup  

The cylinder used for jet impingement studies was heated using an AC power supply, providing a supply 

voltage of 60V for generating uniform heat flux across the heater. The cylinder is placed vertically to 

eliminate any changes in temperature due to natural convection along the circumference of the cylinder. 

The cylinder is viewed using an IR camera at a viewing angle perpendicular to the axis of the cylinder. The 

angle measurement grid is placed on the cylinder and the 50 angle markings are marked on the IR camera 

feed in FLIR tools. The grid is removed and the cylinder is allowed to reach steady state. The differences 

in temperature between the marked points are noted and the limits of the viewing angle are taken to be the 

angular displacement between the points on either side of the normal to the IR camera where there is a 

maximum temperature difference of 0.20C.  

Results 

Figure 21 shows the image of the heat cylinder viewed using the IR camera. The line shows the extent of 

the angular displacement where the temperature difference is less than 0.20C. The angular displacement 

was found to be 1100, which is ±550 on either side of the normal viewing angle of the IR camera. Therefore, 

for measurement of temperatures on the front face of the cylinder surface facing a jet, the IR camera’s 

normal viewing angle is set at 450 from the stagnation point on the cylinder. Measurements are taken ±450 

on either side of the normal (θ = 00 to 900). For the rear side of the cylinder, the IR camera is placed at 1350 

from the stagnation point and measurements of temperatures at angular displacement θ = 00 to 900 are 

recorded. 
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Figure 21: Effects of viewing angle on a cylindrical surface 

 

Appendix E: Construction of control environment for natural convection experiments 

Experiments on natural convection were conducted in both an open environment (open air-conditioned 

room) and under controlled environment. The controlled environment should be closed from external 

disturbances and should be large enough to accommodate the cylinder. Another important factor to be taken 

care of is the rate of heating of ambient air in the control environment due to heat transfer from the heated 

cylinder. For conducting controlled natural convection experiments, there should not be any significant 

heating of ambient air. The heat capacity of the air, 𝐶 inside the control environment is given by  

𝐶 = 𝜌𝑉𝐶𝑝 

The power output from the cylinder or a forearm can be then calculated 

𝑃 = 𝑞′′ ∗ 𝐴 

The approximate temperature increase of ambient air inside the control environment can be obtained as 

follows 
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𝑃 = 𝐶
𝑑𝑇

𝑑𝑡
= 𝐶

Δ𝑇

Δt
  

Δ𝑇 =
𝑃

𝐶
Δ𝑡 

Based on the above equations it was found that an enclosure of dimensions 48 cm x 48 cm x 36 cm gave a 

temperature rise of ~0.20C/minute when the heated cylinder is emitting a total heat flux of 75 W/m2.  

While conducting experiments, the heater on the cylinder was heated and allowed to reach steady state 

outside the enclosure. The cylinder was then placed inside the enclosure and data was recorded for a period 

of 1 minute. The cylinder was taken out and a table fan was used to cool the enclosure. The experiment is 

then repeated with the sensor at a different angle with respect to the horizontal level. 

 

Appendix F: Heat transfer results from natural convection experiments in open and 

controlled environments 
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Figure 22: Convection heat transfer coefficient results from natural convection from cylinder and forearm in open and 

controlled environments for different angular positions on the circumference 
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