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Abstract

This paper proposes a new measurement method to improve the shortcomings of an existing integral method for measuring 

heat flux in plug-type heat flux gauges in the high-temperature and high-pressure environments of liquid-rocket combustors. 

Using the existing integral measurement method, the calculation of the surface area for the heat flux in the gauge exhibits 

error in relation to the actual surface area. To solve this problem, transient profiles obtained from ANSYS Fluent were 

used to calculate unsteady heat flux as it adjusted to the measured temperature. First, a heat flux gauge was designed and 

manufactured specifically for use in the high-temperature and high-pressure conditions that are similar to those of liquid 

rocket combustors. A calibration test was performed to prove the reliability of the manufactured gauge. Then, a combustion 

experiment was conducted, in which the gauge was used to measure unsteady heat flux in a liquid rocket combustor that 

used kerosene and liquid oxygen as propellants. Reasonable heat flux values were obtained using the gauge. Therefore, the 

proposed measurement method is considered to offer significant improvement over the existing integral method.
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1. Introduction

A cooling system is essential for rocket combustors, which 

experience prolonged combustion times under extreme 

conditions of high temperature and high pressure. Therefore, 

several studies have proposed various methods of measuring 

heat flux to develop effective cooling system designs [1]. These 

designs must be considered to prevent the formation of hot 

spots. This helps in reducing the variations in heat flux in a 

rocket combustor [2]. The methods of measuring heat flux 

include thin-walled chambers, calorimetric chambers, and 

heat flux gauges. Generally, each method of measuring heat 

flux has merits and demerits. A thin-walled chamber measures 

the external wall temperature of a nozzle and a combustor 

using a temperature sensor attached to the thin external wall 

of the chamber to predict heat flux. This method is convenient 

for predicting heat flux in the axial direction. However, as the 

combustor must be manufactured to be as thin as possible, 

improper cooling can damage it [1]. A calorimetric chamber 

measures heat flux by finding the difference between the 

coolant temperatures at its entrance and exit. This is achieved 

by manufacturing the combustor as several separate sections 

and allowing coolant to flow through each section. This 

method is highly reliable in its predictions of the overall heat 

flux in the combustor; however, it provides less information 

regarding the local heat transfer pattern [3].

In contrast, a heat flux gauge can conveniently measure 

local heat flux, yet most heat flux gauges are not suitable for 

withstanding extreme high-temperature and high-pressure 

conditions and for nonintrusiveness in flow. However, a plug-

type heat flux gauge is suitable for these extreme conditions. 

This gauge is installed as a plug to prevent the distortions 

that it can cause in a flow field. In general, temperature is 

measured using temperature sensors on the gauge and data 

are processed using the integral method, which is based on 

the inverse heat conduction method. Fig. 1(a) shows the 

composition of a plug-type heat flux gauge, which comprises 

a post where temperature sensors are mounted, temperature 
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sensors, a hot active surface that supports the bottom of the 

post and creates airtightness, a cylinder that protects the 

post from its surroundings, and a cover that minimizes the 

effect of convective airflow. This single active heat flux gauge 

configuration was presented by Liebert [4]. In this study, this 

type of model is used because an advanced measurement 

method is suitable for it. Thus, the structure of the heat flux 

gauge manufactured in this study is similar to that of the 

model shown in Fig. 1(a, b). 

Various plug-type gauges have been designed, built, and 

tested. Liebert analyzed measurement methods theoretically 

and experimentally and calculated steady or unsteady heat 

flux using the integral method with a plug-type heat flux 

gauge on an SSME turbine blade and a rocket nozzle [4]. 

Liebert demonstrated several elements and uncertainties 

that contributed to surface heat flux measurement owing to 

the inaccuracy in the curve fitting procedures of the integral 

method, property values, etc. In particular, the curve fitting 

procedures of the integral method require the assumption 

of one-dimensional heat flow between the hot active 

surface of the gauge and the temperature measurement 

locations. Liebert showed that the original type of heat flux 

gauge provided an expected root-mean-square range of 

measurement uncertainty of ±7 to 38% [5]. In addition, Santoro 

used the single active heat flux gauge developed by Liebert 

to obtain the approximate one-dimensional heat flux in tri-

propellant RP-I/GH2/GO2 uni-element hot fire experiments 

[6]. To solve the large error of ±7 to 38% induced by the single 

active heat flux gauge, Liebert developed a new miniature 

plug-type heat flux gauge configuration, i.e., a dual active 

surface gauge. The integral method (inverse heat conduction 

method) was adjusted to this new plug heat flux gauge. The 

accuracy of the new heat flux gauge was approximately ±20% 

[7]. Furthermore, Libert reduced its accuracy from ±20% to 

±10% through optimization [8]. However, Rooke proposed 

that the value of heat flux with the dual active surface heat 

flux gauge would be distorted because the integral method 

assumes one-dimensional inflow of heat flux through the 

heated sides of the gauge [9]. Liebert and Santoro had not 

considered it. In other words, as shown in Fig. 1(b), heat flux 

does not pass through area B, which was assumed to be the 

surface area of the post in the integral method; however, it 

passes through area A. This discrepancy results in errors in 

heat flux calculation. Rooke showed that heat flux inevitably 

passes through area A, which is larger than area B because 

it consists of temperature sensors in the plug-type gauge 

structure and the cylinder that protects the post. This is why 

the discrepancy results in errors in heat flux calculation. 

Therefore, the effect of two-dimensional heat flux must be 

considered. Rooke accomplished this using an alternating 

direction implicit method of two-dimensional numerical 

analysis, and the results showed that the experimentally 

measured temperature matched the numerically calculated 

temperature. However, Rooke calculated temperature only 

for the inflow of steady heat flux into the gauge and could 

not calculate it for unsteady heat flux [9]. Furthermore, the 

technique used by Rooke had the limitation of calculating 

heat flux in only two dimensions, and the focus of the study 

was only on steady-state behavior.

The purpose of this study is to calculate 3-D heat flux 

using the advanced integral method. To achieve this, a 3-D 

model similar to a manufactured heat flux gauge was used 

to consider the 3-D inflow of heat flux through the heated 

sides of the gauge. In addition, to apply the heat flux at the 

time interval during total time, the Profile tool in Fluent is 

used to repeat the transient calculation until the numerical 

and experimental temperature profiles obtained using this 

method are in excellent agreement. A plug-type heat flux 

gauge was designed and manufactured as shown in Fig. 

2, and calibration tests were conducted to establish the 

credibility of the gauge. Furthermore, unsteady heat flux 

was measured using an advanced integral method that was 
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Fig. 2. Schematic of rocket combustor 

(a)                                    (b)  

Fig. 1. Plug type heat flux gauge: (a) overall composition and (b) cross section view  
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Fig. 1. Plug type heat flux gauge: (a) overall composition and (b) cross section view 
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developed from the measured temperature distribution 

obtained from the combustion experiment conducted using 

the combustor shown in Fig. 2.

2. Heat Flux Measurement Method

2.1 Original integral method

This section describes the integral method on which the 

advanced integral method is based. To prevent confusion 

between the terms, this method is referred to as the original 

integral method. As shown in Fig. 3, the original integral 

method presumes one-dimensional heat flux at the post 

(or the thermoplug), and all sides of the unit are insulated, 

except the hot active surface.

Based on this model, Eq. (1) is derived from the general 

heat conduction equation.
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2.2 Advanced integral method

The advanced integral method proposed in this paper 

calculates heat flux until the numerical and experimental 

temperature profiles obtained using this method are 

in excellent agreement. While calculating heat flux, it 

is advantageous to use the transient heat flux obtained 

from the original integral method as the initial boundary 

condition. However, the temperature profiles obtained from 

the original integral method and experiment are not the 

same because of the difference between areas A and B. The 

goal of the advanced integral method is to solve this problem 

and obtain more accurate transient heat flux data using a 

transient profile in ANSYS Fluent, which can decrease the 

error in numerical and experimental temperature profiles. 

Using Fluent’s transient profile feature, the heat flux values 

for each time interval can be applied and processed by 

linear interpolation of the values on a time–heat flux graph. 

If heat flux data change repeatedly over time, reasonable 

heat flux data will be obtained. As each heat flux value is 

linearly connected to adjacent values over time, a small time 

interval of 0.2 s was set to increase the sensitivity of heat flux 

measurement. 
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Figure 4 shows the calculation steps. First, temperature 

distribution data are obtained from a combustion test. Based 

on the model of the heat flux gauge, the heat fluxes at each time 

interval during the total time can be obtained using Eq. (1) 

and entered into Fluent as the heat flux boundary conditions 

for the transient profile. The original integral method is 

applied first because it can be considered as an appropriate 

basis for the initial heat flux boundary conditions, which 

must be set based on the predictions of approximate heat flux 

values. The temperature distribution is analyzed in relation to 

the heights of measurement points and checked using CFD-

Post, which is a state of the art post-processor. It is designed 

to allow for easy visualization and quantitative analysis of 

the results of thermal simulations. This makes it possible to 

acquire temperature and heat flux over time. Heat flux values 

were changed iteratively such that the difference between 

the measured and calculated temperature distributions 

remained lower than approximately 1%; the temperature 

distribution and time dependent heat flux were calculated. 

Using the derived heat flux values, Tw was obtained through 

CFD-Post. The convective heat transfer coefficient can be 

calculated using the convective heat transfer equation. This 

will be discussed in section 5.

3. Heat Flux Gauge Design

To design the heat flux gauge and determine appropriate 

locations for attaching temperature sensors to the post, 

the hot active surface and post were designated as one 

component (Part 1) and the cylinder as another component 

(Part 2). As the size of the annulus (the distance between 

the cylinder and post) decreases, the difference between 

areas A and B in Fig. 1(b) decreases, and consequently, 

the errors in the heat flux calculated using the original 

integral method decrease. Therefore, the smallest possible 

annulus size, which allows sufficient space only for the 

temperature sensor wire, was selected so that the initial heat 

flux boundary conditions could be set by the most accurate 

heat flux predictions obtained using the original integral 

method. In addition, the hot active surface of Part 1 was 

designed to have the same configuration as the combustor 

wall to prevent distorted heat flux measurements arising 

from a disturbed combustion process. In addition, the heat 

conduction through the side wall of the heat flux gauge has 

negligible influence on the temperature profile of the post 

because the side of the heat flux gauge is insulated using 

room temperature vulcanization (RTV) silicone. The final 

design of the heat flux gauge is shown in Fig. 5(a).

The temperature sensors used in the heat flux gauge were 

K-type temperature sensors sheathed with a glass fiber to 

prevent the wire from melting when in contact with the high 

temperature surface of the post. Six temperature gauges (TT01–

TT06) were attached to the post shown in Fig. 5(b). TT01 was 

placed 2 mm above the combustor wall and TT02–TT05 were 

placed approximately 2 mm apart. The last temperature sensor, 

TT06, was placed approximately 4 mm from TT05 because the 

temperature gradient at the top of the post is not significant.
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Fig. 5. Composition of heat flux gauge: (a) Schematic of heat flux gauge and (b) thermocouple sensor 
positions 

Fig. 4. Flow chart of the proposed advanced integral method
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4. Calibration Test

4.1 Experimental Setup

Prior to applying the proposed system to measure the 

heat flux in an actual liquid rocket combustor, a calibration 

test was performed to verify the accuracy of the advanced 

integral method developed in this study. The calibration 

test used a fiber laser, which can accurately determine heat 

flux, to irradiate the hot active surface of the heat flux gauge. 

Then, the heat flux values measured from the gauge were 

compared with those obtained from the laser. Fig. 6 shows a 

diagram of the experimental apparatus. 

In this study, the hot active surface of the heat flux 

gauge was painted with black paint, which can withstand 

temperatures of up to 500 °C with an absorptivity of 0.89, so 

that the gauge could absorb the laser beam [10]. The fiber laser 

has a continuous wave with a heat flux higher than 1 MW/m2, 

which irradiates with a wavelength of 1070 nm. In addition, 

the external wall of the heat flux gauge was covered with Teflon 

tape to prevent the heat that entered the gauge from leaving 

through the external wall because of natural convection.

Figure 7 shows the YLS-600/6000-QCW-AC fiber laser 

equipment manufactured by IPG that was used as the light 

source in the tests. In the experimental set up shown in Fig. 
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8, the flange part of the heat flux gauge was fixed at the focal 

distance using a chuck at the coordinates where the hot 

active surface with a diameter of 12 mm would be irradiated.

It was predicted that the heat flux within the kerosene/

liquid oxygen rocket combustor, with a combustion pressure 

of 9.5 bar and a mixture ratio of 2.2, would be between 1.4 

MW/m2–2.0 MW/m2[11]. Therefore, the laser intensity was 

calculated such that the heat flux in the gauge would be 

absorbed at 1.4 MW/m2, 1.6 MW/m2, 1.8 MW/m2, and 2.0 

MW/m2 in 0.2 MW/m2 increments, based on an absorptivity 

of 0.89. Table 1 shows the calculated irradiation intensities.

4.2 Calibration 

A calibration test was performed using a laser beam 

with known irradiation intensities to confirm the validity 

of the advanced integral method and the credibility of the 

equipment. The 3-D model shown in Fig. 9(a) was applied to 

calculate the 3-D heat flux in the advanced integral method. In 

the model, all sides except the hot active surface, where heat 

flux originates, were assumed to be adiabatic walls, and the 

cross-section was assumed to be symmetric. This 3-D model 

is not axisymmetric. As shown Fig. 9(b), the hot active surface 

of the gauge is modeled as a curved surface. As a result, heat 

flux in three dimensions can be obtained accurately.

The output intensity profile of the laser used in the 

calibration test exhibited a Gaussian distribution. Therefore, 

it was necessary to represent the heat flux through the hot 

active surface area of the gauge using a Gaussian distribution 

in Fluent to maintain accuracy in data analysis. The Gaussian 

distribution formula from [12] is expressed as follows: 

9 

 

the validity of the advanced integral method and the credibility of the equipment. The 3-D model 

shown in Fig. 9(a) was applied to calculate the 3-D heat flux in the advanced integral method. In the 

model, all sides except the hot active surface, where heat flux originates, were assumed to be adiabatic 

walls, and the cross-section was assumed to be symmetric. This 3-D model is not axisymmetric. As 

shown Fig. 9(b), the hot active surface of the gauge is modeled as a curved surface. As a result, heat 

flux in three dimensions can be obtained accurately. 

The output intensity profile of the laser used in the calibration test exhibited a Gaussian 

distribution. Therefore, it was necessary to represent the heat flux through the hot active surface area 

of the gauge using a Gaussian distribution in Fluent to maintain accuracy in data analysis. The 

Gaussian distribution formula from [12] is expressed as follows:  

 

 
 , (3)

 

where  is surface heat flux, P is laser power,  is the radius of the beam, and r is distance 

variable at the center of the heat flux inlet. 

The Gaussian heat flux distribution was simulated by compiling Eq. (3) and other user-defined 

functions (UDFs). Among the UDFs, DEFINE_PROFILE was used to define the hot active surface’s 

boundary profile, which varies as a function of spatial coordinates. This UDF assumes that the grid is 

generated such that the origin is at the geometric center of the boundary zone to which the UDF is to 

be applied. R is 0.0 m at the center of the heat flux inlet and extends to the radius of the hot active 

surface. For example, when laser irradiation was 2.0 , the correct representation of the 

Gaussian heat flux distribution was confirmed using CFD-Post, as shown in Fig. 10. Furthermore, the 

measurement results obtained using the advanced integral method closely followed the temperature 

,
(3)

where 

9 

 

the validity of the advanced integral method and the credibility of the equipment. The 3-D model 

shown in Fig. 9(a) was applied to calculate the 3-D heat flux in the advanced integral method. In the 

model, all sides except the hot active surface, where heat flux originates, were assumed to be adiabatic 

walls, and the cross-section was assumed to be symmetric. This 3-D model is not axisymmetric. As 

shown Fig. 9(b), the hot active surface of the gauge is modeled as a curved surface. As a result, heat 

flux in three dimensions can be obtained accurately. 

The output intensity profile of the laser used in the calibration test exhibited a Gaussian 

distribution. Therefore, it was necessary to represent the heat flux through the hot active surface area 

of the gauge using a Gaussian distribution in Fluent to maintain accuracy in data analysis. The 

Gaussian distribution formula from [12] is expressed as follows:  

 

 
 , (3)

 

where  is surface heat flux, P is laser power,  is the radius of the beam, and r is distance 

variable at the center of the heat flux inlet. 

The Gaussian heat flux distribution was simulated by compiling Eq. (3) and other user-defined 

functions (UDFs). Among the UDFs, DEFINE_PROFILE was used to define the hot active surface’s 

boundary profile, which varies as a function of spatial coordinates. This UDF assumes that the grid is 

generated such that the origin is at the geometric center of the boundary zone to which the UDF is to 

be applied. R is 0.0 m at the center of the heat flux inlet and extends to the radius of the hot active 

surface. For example, when laser irradiation was 2.0 , the correct representation of the 

Gaussian heat flux distribution was confirmed using CFD-Post, as shown in Fig. 10. Furthermore, the 

measurement results obtained using the advanced integral method closely followed the temperature 

 is surface heat flux, P is laser power, rb is the radius 

of the beam, and r is distance variable at the center of the 

heat flux inlet.

The Gaussian heat flux distribution was simulated 

by compiling Eq. (3) and other user-defined functions 

(UDFs). Among the UDFs, DEFINE_PROFILE was used 

to define the hot active surface’s boundary profile, which 

varies as a function of spatial coordinates. This UDF 

assumes that the grid is generated such that the origin is 

at the geometric center of the boundary zone to which 

the UDF is to be applied. R is 0.0 m at the center of the 

heat flux inlet and extends to the radius of the hot active 

surface. For example, when laser irradiation was 2.0 MW/

m2, the correct representation of the Gaussian heat flux 

distribution was confirmed using CFD-Post, as shown in 

Fig. 10. Furthermore, the measurement results obtained 

using the advanced integral method closely followed the 

temperature distribution measured using Logger GL820. 

Fig. 11(a-d) shows the data analysis results, in which the 

calculated temperature values can be seen to follow the 

temperature distributions induced by the laser source, 

within a temperature difference of approximately 1%. As 

shown in Fig. 12, the difference between the measured heat 

flux and the heat flux emitted from the laser light source 

is approximately 7.5–8%. The differences are considered to 
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arise from various factors; the 7.5–8% error obtained in the 

calibration test is caused by the measurement error of the 

thermocouple, the accuracy of the measurement location 

of the thermocouple, interpolation in Fluent, etc. 

Therefore, considering the absorptivity of the black paint 

and the 7.5–8% error caused by various sources, it was 

concluded that the heat flux values measured using the heat 

flux gauge could be predicted to be 18.5–19% smaller than 

actual heat flux values. 

5. Hot Test Results and Discussion

The combustion experiment was conducted at the 

combustion experiment facility at Chungnam National 

University. Kerosene and liquid oxygen were used as 

propellants. The combustion experiment was performed 

using a mixture ratio of 2.2 and a combustion pressure of 9.5 

bar, and the manufactured heat flux gauge was attached to 

the combustor as shown in Fig. 13(a, b).

To compare the heat flux values calculated using the 

original and advanced integral methods, the calculation steps 

discussed above were experimentally applied. The degree 

of agreement between the calculated and experimental 

temperature profiles was used as the criterion for determining 

the better method for calculating heat flux more accurately. 

There was considerable difference between the temperature 

profile calculated using the original integral method and that 

measured in the experiment. The advanced integral method 

was used to decrease this difference. Fig. 14 shows that the 

temperature profiles obtained experimentally and using the 

advanced integral method are in excellent agreement. The 

temperature distribution results obtained from experiments 

and those obtained from Fluent using CFD-Post exhibited a 

difference of 3 °C at each time coordinate, which is equivalent 

to an error of less than approximately 1%. 
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Figure 15 shows the heat flux calculated using the original 

and advanced integral methods over time and in relation to 

combustion pressure. These results are separated into three 

phases according to combustion pressure and heat flux 

trends, i.e., the start-up state, quasi-steady state, and steady 

state. In the start-up state, before the main propellant was 

supplied, heat flux increased at approximately 3.0 s as the 

igniter combusted. When liquid oxygen was supplied, heat 

flux decreased for approximately 3.2 s. Subsequently, when 

kerosene fuel was supplied and steady combustion started, a 

rapid increase in heat flux was observed. Furthermore, in the 

steady state, once the combustion phenomenon stabilized, 

heat flux decreased in small increments as combustor wall 

temperature increased. However, heat flux values remained 

within a range of 1.8–1.9 MW/m2 in steady state.

The heat flux in a combustor in steady state can be 

predicted using the heat flux graph presented in [11], which 

was obtained using a calorimetric chamber. Heat flux was 

in a range of 1.3–1.9 MW/m2 when conditions were set to a 

combustion pressure of 9.5 bar and a mixture ratio of 2.2 [11]. 

Therefore, this result confirmed the validity of the heat flux 

determined using the proposed method.

Figure 16 compares the original and advanced integral 

methods based on the error rate that is determined by 

presuming that the heat flux obtained using the advanced 

integral method is the actual value. In the steady state, the 

error was in a range of 30–45%, and in the quasi-steady state, 

the error was in a wider range of 15–80%. These results for error 

show that the accuracy in the measurement of the heat flux is 

improved as compared with the original integral method.

The convective heat transfer coefficient was calculated 

using the convective heat transfer equation, i.e., Eq. (4).
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 is surface heat flux, hg is the convective heat transfer 

coefficient of the combustion gas, Tg is combustion gas temperature, 

and Tw is the wall temperature on the gas side of the wall.

Tg was calculated using a thermodynamics commercial 
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code, i.e., the Chemical Equilibrium with Applications (CEA) 

code, in which temperature was assumed to be constant at 

3295 K. Tw was derived by post-processing the results of the 

advanced integral method using CFD-Post. Fig. 17 shows the 

calculated convective heat transfer coefficient.

The trends in the variation in the convective heat transfer 

coefficient were similar to those of the variation in heat flux 

in that both increased slightly with time in the initial stages 

of combustion and the calculated values were within a range 

of 740–760 W/m2 K in the steady combustion state.

6. Conclusions

In this study, unsteady heat flux was measured using the 

proposed advanced integral method to resolve problems 

arising from the original integral method applied to plug-

type heat flux gauges. In addition, to evaluate the proposed 

method, tests were conducted to measure the 3-D transient 

heat flux in a liquid rocket engine combustor that used 

kerosene and liquid oxygen as propellants.

A calibration test was performed on the manufactured 

heat flux gauge by changing the irradiation strength of a 

fiber laser. The measured heat flux was 18.5–19% smaller 

than the actual heat flux from the laser. The variation in heat 

flux over time was determined by performing a combustion 

test using the heat flux gauge with a mixture ratio of 2.2 and 

a combustion pressure of 9.5 bar. The heat flux in steady 

state was measured to be between 1.8–1.9 MW/m2, which 

was within the range determined in a previous study. The 

convective heat transfer coefficient was found to be in a range 

of 740–760 W/m2 K using CFD-Post and the CEA code. Based 

on these results, the proposed advanced integral method 

is considered to offer significant potential to improve the 

measurements of unsteady heat flux in plug-type heat flux 

gauges. Moreover, it is believed that this method can provide 

a guideline for calculating the heat flux of a rocket combustor 

and nozzle. It helps in the design and manufacture of the 

cooling system for a rocket combustor and nozzle. 
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