
1THE EXCHANGER

F1RST IN CLASS
Research & Technology Center



2

1  
Message from the CEO & Chair of the Board
Reflections on HTRI Research

3 
Starting Your Day with Xchanger Suite®

4  
Air-cooler Performance and Ambient Airflow

6 
Accurately Measuring Air Velocities

8 
Reliable Instabilities 

10  
Non-Newtonian Fluids: From Concepts to Modeling 

12 
F1rst in Class: HTRI Research & Technology Center

16 
RTC Update: Upgrades for Low-flow Testing in the 
Multipurpose Boiling Unit 

18 
HTRI’s 2019 Global Conference &  
Annual Meeting of Stockholders

21 
Upcoming Events

22 
Should Process Heat Transfer Applications Use  
Phase-change Materials?

23 
Word Scramble

24 
Visualizing Heat with Background-oriented  
Schlieren Imaging

27 
How Marangoni Stress Affects Falling Films

28
FY 2020 Board of Directors 
Word Scramble Solution

29
FY 2020 Technical Committee

Notice 
The articles and opinions in this newsletter 
are for general information only and are not 
intended to provide specific advice.
 
Contact 
Submit all correspondence regarding 
The Exchanger to
 HTRI
 Attn: The Exchanger
 P.O. Box 1390
 Navasota, TX 77868 USA

 htri@htri.net
 www.htri.net

 +1.979.690.5050 office
 +1.979.690.3250 fax
 
Copyright and Trademarks 
HTRI, Xchanger Suite, Xace, Xfh, Xfh Ultra, Xhpe, Xist, Xjpe,  
Xpfe, Xphe, Xspe, Xvib, Xchanger Suite Educational, 
Edgeview, XSimOp, SmartPM, Q, The Power of the Consortium, 
The Exchanger, ACE, CST, FH, IST, PHE, RKH, RTF, R-trend, 
ST, ST Educational, VIB, and Xtlo, as well as their respective 
logos, are either registered trademarks or trademarks of Heat 
Transfer Research, Inc. in the United States. Other trademarks 
mentioned are the property of their respective owners.

© Heat Transfer Research, Inc. All rights reserved.

2020 ISSUE

IN
 T

H
IS

 IS
SU

E

Heat Transfer Research, Inc.
To subscribe to The Exchanger, log in to www.htri.net and 
modify your subscription in your user profile.
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MESSAGE FROM THE  
CEO & CHAIR OF THE BOARD

For many years, this page has been a message from me 
to you—our members. For this issue, I decided to give the 
ink and the space to you. Aware that many companies 
have policies regarding external communication, I wrote 
to persons currently serving on the Technical Committee 
(TC) and Board of Directors, inviting them to share a few 
words about their experiences and thoughts on HTRI. 

It was gratifying to receive responses from several  
members of the TC and Board, as well as two HTRI  
officers with lead roles in research and testing.

As we approach our 60th anniversary, we will be inviting 
current and past employees of member companies to 
share memories with us. We will establish a place on our 

website to pay tribute to our past, honor our present,  
and envision our future as we move into our sixth decade. 
Start thinking about what you might have to say. 

For now, please join me in applauding those who submitted 
comments. I hope you enjoy reading the reflections from 
your HTRI colleagues and find this 2020 print edition of 
The Exchanger informative. The staff join me in thanking 
ALL members for creating and sustaining the power of 
the consortium.

HTRI is very attentive to the needs of the industries 
they serve. Their research is relevant and cutting edge. 
They tirelessly solicit industry input through the 
Board of Directors, the Technical Committee, local 
Communication Committees, and Global Conferences 
that are open to all company users. This industry 
involvement is unprecedented and o�ers all HTRI 
members the greatest value in terms of relevance, 
accuracy, and e�ciency. There is no research-based 
software anywhere in the world with this level of integrity. 
Congratulations and thank you HTRI; job well done! 
RAY BROUSSARD

Heat transfer can be quite a complicated subject and to a greater extent 
that is the case with ever expanding technological developments. 
HTRI lives up to these challenges by understanding the relevant 
issues and providing world-class research, design software, and 
consultation across multiple industries and products. It is a privilege 
to work alongside highly talented and knowledgeable individuals, 
who are members of the Technical Committee as well as HTRI sta�. 
Together, as we start a new decade, I am excited about what new 
truths will be revealed as we continue to improve our understanding 
in this field, thus increasing the reliability of the work and products 
we produce.
JOHN MICHELIN

From its inception in 1962 to present-day 
2020, HTRI has been true to its original 
charter to deliver “proprietary, high-quality 
research using design methods and software 
products” to member companies. Research 
has been foundational and di�erentiating to 
the HTRI narrative. Heat transfer is about 
energy. Humans need energy and that will 
never change. How we transfer energy from 
source to user is one of the great challenges 
in the coming century. HTRI is well positioned 
to continue leading and evolving in this 
increasingly important “space”. 
RICHARD P. CASEBOLT 

 Two interesting quotes come to my mind.

“ Research is to see what everybody else has seen, and to think what 
 nobody else has thought. ”
 — Albert Szent-Gyorgyi

“Somewhere, something incredible is waiting to be known.”
 — Carl Sagan (Remember COSMOS? Great scientist.)

Many of us may know “some things” work, but cannot explain how or 
why. Through its research, HTRI eliminates the myth, removes the 
guess, and simplifies to a level that makes sense. 
The alternative would be to hope the design works. 
MOHAN PUNGANUR

REFLECTIONS ON HTRI RESEARCH
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Heat Transfer is HOT! 

Progress is impossible without change. If you cannot 
change your thinking, you change nothing. In our 

industry, we see a strong desire to copy heat transfer solutions 
from the past into the future—from heat exchanger type 
selection and allowable pressure drop to design margins and 
usage of large static fouling factors. This slows down innovation 
and often results in non-optimal designs, significant process 
control challenges, and reduced energy e�ciency of the whole 
process. Today the world needs better! Both the EU and UN are 
strengthening their rules to encourage energy savings and 
minimize energy waste. Smart heat transfer engineering can 
be the answer to energy conservation and CO2 reduction, the 
key to reliable operation and reduced maintenance. 

Smart heat transfer solutions are about using the lessons we 
learned in the past and applying these lessons in the future— 
NOT about copying the past! HTRI provides clear information, 
backed by scientific research and great software tools, to do 
things better. Heat transfer engineering of today should look 
into the individual details that matter per exchanger, per case 
(e.g., by assessing the expected flow distribution at inlet and 
dead zones per exchanger) by investigating enhanced heat 
transfer technologies and compact heat exchanger types as 
alternatives or by considering a risk-based fouling margin 
approach instead of a fouling-factor approach. Sometimes 
higher performing, more reliable heat exchangers may cost 
slightly more at purchase, but more e�ective process control 
and an optimized equipment design (or configuration selection) 
can o�er huge benefits of reducing operational costs and 
lessening environmental impacts. 

Heat Transfer is HOT!  
EDWIN VAN DOORN

For about 20 years, I served as HTRI’s external 
Human Resources attorney, working closely 
with the senior management sta�. As HTRI 
grew, a lot of positive changes took place; 
research, software, and services increased, 
becoming more relevant to members across 
the globe. Now retired, I was recently elected 
to the Board and look forward to utilizing my 
experience by advising on topics related to 
human resources, as well as other general 
legal matters. I am honored to join the HTRI 
Board of Directors. 
DAN DARGENE

Back in 1962, BP was one of the original 12 companies 
that realized the potential benefits of enhancing heat 
transfer in refinery operations.  Heat Transfer Research, 
Inc. (HTRI) was incorporated that same year and the 
member companies began sharing relevant technology. 
In the decades since, BP has gained huge financial 
and e�ciency benefits in its operations through the 
direct application of the knowledge gained from HTRI’s 
research, testing, and software. The company's 
sound fundamental research is the cornerstone of 
the world-class tools, which BP continues to use—with 
great confidence—for optimizing the design and 
operation of its heat transfer equipment. 
PETER REDMAN 

The HTRI Research & Technology Center (RTC) is the 
second research facility designed and constructed since our 
move to Texas in 1991. The current facility, commissioned in 
November 2007, has continued to expand in terms of sta�, 
equipment, and capability. Our Research Technicians have 
skills and expertise in fabrication, instrumentation, electrical, 
data acquisition, air conditioning, and equipment operation. 
The Test Engineers provide design, equipment specifications, 
data acquisition hardware and software specifications/
implementation, and unit operations. We are proud of our 
accomplishments—as defined in the Technical Operating 
Plan—for the global HTRI membership. Many companies 
also benefit from proprietary contracts we perform on 
their behalf. We hold ourselves to high standards for design, 
operation, and safety to help ensure we are conducting 
relevant studies resulting in value for our worldwide 
consortium members. 
J. MICHAEL CREAGOR

Plant operations cannot work well until the process heat 
transfer works well. Whether we are testing fouling mitigation, 
studying flow distribution in a kettle, validating a commercial 
enhancement, assessing a disruptive technology, or improving 
a correlation, HTRI research is focused on important issues for 
industry. Lessons learned from our research can be applied 
to troubleshoot operations. Stay engaged with our research, 
review a research report, and comment on our preliminary 
Technical Operating Plan. 
TOM LESTINA

On behalf of Hudson Products Corporation, a 
long-term user of HTRI software, I am pleased to 
say we have benefitted substantially from the 
development of the software and its acceptance 
worldwide. HTRI’s verification by research and 
testing has set itself as the standard to ensure 
optimum designs are produced for end users. 
Hudson continues to grow in our needs regarding 
the products and services o�ered and being 
developed for the future. 
SAM CHAPPLE

I have been actively involved with HTRI for over twenty 
years. My first exposure to HTRI came through the

Design Manual, Research Reports, and software. I started out 
designing exchangers with CST, RKH, IST, ST, and VIB and later 
became an early adopter of Xchanger Suite (from version 1 all 
the way through 8.1).

HTRI has a clear focus on conducting industrially relevant heat 
transfer research—delivering the results to members in the form 
of reports, new and improved design methods, and software. 
Serving on the Technical Committee has allowed me to see the 
direct linkage of Research-to-Software and to fully appreciate 
the enormous e�orts involved. Thank you, to the entire HTRI 
team, for continuously making progress year after year. Just 
imagine where your combined talents will take you over the 
next decade. 
RAYMOND E. TUCKER
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Like most software products, Xchanger Suite® has both frequent users (those who model a 
multitude of heat exchangers) and casual users (those who occasionally access the software). 
Some activities are common to both groups. For example, most users need easy access to 
recently used files or ways to get new cases up and running as quickly as possible. 

However, there are other 
aspects of starting the day that 
may be important and helpful. 
Users also need to find out what 
new software versions include, 
where they can find more details 
about working with the software, 
or even tips for more advanced 
tasks such as developing a  
simulation case.

When Xchanger Suite 8 was 
released, it introduced the 
START PAGE, which helps users 
begin their work and find more 
information related to HTRI.

Starting your day with

The left side gives you 
quick access to recently 
used files or acts as a 
simple way to create a 
new case. Information 
that required two or 
three clicks is now visible 
on the Start Page. 

The right side is a newsfeed. Originally, the newsfeed 
displayed a summary of new program features. It has 
now been expanded to include the following:

• Support Announcements highlight information 
relevant to HTRI technology, such as new version 
releases and the latest TechTips or Known Issues. 

• Upcoming Events list details on future webinar  
and training events. You can click on a listing to 
quickly register (be sure to have your HTRI  
Account login information).

As new events or topics are added to the HTRI  
website, the newsfeed automatically updates to 
reflect the information. 

Let us know how we can improve the Start Page to assist with your daily workflow. 
We welcome your feedback! And if you need help with the Start Page, contact  
support@htri.net

DAVID GIBBONS  
Director, Engineering  
Software Development

You can enable or disable 

the Start Page at any time 

by using options in Program 

Settings, accessible from 

the File menu. If you want 

to view the Start Page and 

it is not open, select the 

Show Start Page option in 

the Help menu.



Air-cooled heat exchangers (ACHEs) are 
designed without much consideration 
of ambient airflow and its many 
complexities. The aerodynamic  
non-idealities of the surrounding air 
can lead to the overdesign of ACHEs, 
taking up excessive space.

Xace® includes inputs that account for 
some ambient air properties, such as 
altitude, maximum and minimum ambient 
temperatures, wet and dry bulb  
temperatures, and wind velocities.  
However, these inputs assume uniformly 
distributed flows around the ACHE. 

Optimal designs of an ACHE recognize the 
importance of non-idealities of ambient 
airflow, including

• non-uniform approach of air 
• wind effects 
• hot air recirculation

NON-UNIFORM APPROACH  
OF AIR
Non-uniform approach of air into the ACHE 
inlet is the most common cause of deficient 
fan performance. API 661 [1] provides airside  
design recommendations for controlling 
ACHE approach and discharge air by  
considering fan height ground clearance 
and air discharge kinetic energies. 

Non-uniformity develops as approach air 
turns from a horizontal to a vertical path 
into the fan inlet, resulting in uneven flow 
distribution at the fan impeller. Duvenhage 
and Kröger [2] conducted several  
experimental and numerical studies on 
ambient approach air without wind. They 
concluded that assuming uniform air  
velocity at the inlet side of an ACHE is  
inadequate when the mass flow rate 
exceeds a critical value for a specific fan 
height above ground of the ACHE (Figure 1).

AIR-COOLER PERFORMANCE  
AND AMBIENT AIRFLOW

SALEM BOUHAIRIE 
Senior Project Engineer,  
Research

4

Figure 1. Profile of inlet air velocity with fan 12 m above ground
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Figure 2. Wind speed effects on duty for ACU with 1.2-m chimney

Figure 3. Discharged hot air recirculates over the ACHE perimeter 
and raises local inlet temperatures of outer bank fans

WIND EFFECTS

For ACHEs, wind can distort the approach air at the fan intake, and 
it can direct the heated exhaust air away from or back into the unit. 
Available meteorological wind data provides some predictability of 
the impact, while computational fluid dynamics (CFD) studies of the 
ACHE in wind improve the predictions. 

HTRI conducted natural draft tests on the Air-cooled Unit (ACU) with 
a 1.2-m tall box chimney. Figure 2 shows how an increasing wind 
speed can hamper duty.

HOT AIR RECIRCULATION

The most difficult non-ideal airflow to predict  
is hot air recirculation, in which some of the  
discharged hot air travels downward to re-enter 
the cooler, as shown in Figure 3. The driving 
force for this recirculation is the difference  
between the lower air pressure at the sides of the 
cooler and the higher air pressure at the top of 
the cooler. In fact, neighboring ACHEs competing 
for the same zone of air supply, with and without 
wind, can induce recirculation. 

HTRI combines Xace and CFD to analyze  
the complexities of hot air recirculation in an 
expedient manner, for planned research  
projects [3] and contracts. 

CONCLUSION

ACHE designs should consider ambient air  
non-idealities to help ensure reasonable and 
cost-effective unit performance. Current inputs  
in Xace address some ambient air properties,  
and HTRI ACU research continues to improve  
performance predictions. 

Visit www.htri.net to learn more about  
HTRI’s air-cooler research. 
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BRANDON WHITE
Test Engineer

Airside velocity is extremely important when testing thermal  
performance of an air-cooled heat exchanger (ACHE). The  
airside velocity must be accurately measured because the duty 
calculation is the product of the air mass flow and change in 
enthalpy from inlet to outlet. For the Air-cooled Unit (ACU) at 
HTRI’s Research & Technology Center, measuring airflow is 
both a necessity and a challenge. 

Industrial ACHE fabricators frequently reference codes and standards—such as those from 
ASME [1] and AIChE [2]—for procedures on performance testing. Over time, HTRI has been 
successful in improving existing techniques and developing new ones.
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Figure 1. Fan ring with measurement locations

ANEMOMETERS
The ACU features two types of anemometers for directly 
measuring velocity: vane anemometers and hot-wire  
anemometers. The anemometers are installed at  
predefined radii that span the inlet face of each fan. These 
measurements are then graphed, relating velocity to radii. 
Integrating over the full radius of the fan allows for  
calculation of the airside volumetric flow rate of each fan. 
This volumetric flow rate can then be compared to the 
volumetric flow rate derived from the process conditions 
and duty.

Figure 1 shows an example fan ring with measurement  
locations marked by red circles. This layout is easily  
adapted from ASME PTC 30 [1]. 

Propeller Vane Anemometer
As each vane passes a sensor in the instrument, a pulse is 
generated. These pulses are transmitted to counter loggers 
that equate the pulse rates to flow velocities from 0.2 to 
40.0 m/s. Figure 2 shows a vane anemometer beside a  
Kiel probe and a static probe.

Hot-wire Anemometer
For the hot-wire anemometer, a sensor is designed based 
on resistance temperature detector (RTD) elements. The 
air velocity is measured by the heat loss from the RTD 
sensor as the airflow cools it down. The sensors are 
housed in stainless steel tubes and can measure velocities 
up to 61 m/s. 

USING PRESSURE SENSORS
Airside velocities can be calculated using specific pressure  
probe measurements. A static probe measures the static 
pressure; a Kiel probe measures the total pressure, which  
is comprised of dynamic and static pressures. Both probes 
contain specialized ports designed to capture the air 
pressure and exert that pressure back to a differential 
pressure sensor.

Local air velocity can be calculated by measuring the differential pressure 
between the Kiel probe and the static probe. This relation is based on the fact 
that velocity is proportional to the square root of pressure drop. The pressure 
probes are set up to measure these local velocities at similar fan radii as the 
vane anemometers.

For such a critical measurement as airside velocity, it is important to use the 
correct instrumentation in the correct layout. The accuracy of the heat transfer  
and pressure drop methods is a direct function of the accuracy of the airside 
measurement. Since current areas of interest are for off-design operating 
conditions, the challenges for air velocity measurements are even greater to 
ensure the accuracy of new methods. In the future, HTRI looks to improve on 
the techniques used for these measurements.

Figure 2. Vane anemometer, Kiel probe (silver 
with orange wrap), and static probe (brass)

REFERENCES

1. Air Cooled Heat Exchangers:  
 Performance Test Codes,  
 PTC 30, ASME, New York (1991).

2. AIChE Equipment Testing Procedure —  
 Air Cooled Heat Exchangers: A Guide  
 to Performance Evaluation, AIChE,  
 New York (1978).
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KEVIN J. FARRELL
Principal Engineer, 
Computational  
Simulation &  
Validation

RELIABLE
INSTABILITIES
The conditions under which these instabilities 
manifest can be complex, but the predictions 
are quite reliable. 
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S mall disturbances are ubiquitous  
 in any real system, such as fluid  
 flow through a pipe, and their  

  effects are varied. 

For example, smooth laminar flow that 
has little to no mixing between layers 
remains stable if small disturbances 
occur when the Reynolds number (the 
ratio of inertial to viscous forces in the 
flow) is less than some critical value. 
With stratified shear flow, the system 
is stable when the Richardson number 
(the ratio of buoyancy to flow shear) is 
greater than some critical value. 

If these conditions are not satisfied, the 
small disturbances can grow until either 

• original flow conditions are gone
• conditions reach a new  

equilibrium state

In fact, a huge motivation for studying 
flow instabilities is to understand 
the important process of  
laminar-to-turbulent transition. 

Consider a mass placed on a spring 
and damper, as in Figure 1. If we move 
the mass a small amount, the system 
may be stable, neutrally stable, or 
unstable, depending on the amount of 
stiffness and damping. In particular, if 
negative damping occurs, the initial 
displacement grows exponentially  
with time. 

Real fluid flows can mimic this  
negative-damping response [1]. We can 
study the stability of certain flows by 
introducing a perturbation—similar to 
the mass/spring/dashpot system—and 
determine whether the equations of 
motion predict that the perturbations 
grow or decay. The equations are 
commonly linearized, but the method 
is quite successful. 

Many examples of instability, such as 
the Kelvin-Helmholtz instability and 
the Taylor centrifugal instability, are 
classics. The Bénard problem is  
particularly interesting to thermal  
engineers, because it illustrates the 
many facets of fluid dynamic instability.

Adding heat to a calm fluid pool can 
lead to stratification, which is cool 
dense fluid lying above warmer, less 
dense fluid. Such layering can be 
unstable, even though the convective 
motion is tempered by viscosity and 
thermal conduction. Bénard conducted 
experimental research on this instability  
in 1900 [2]; however, it was Lord 
Rayleigh who discovered that the  
instability would occur when the ratio 
of the buoyancy effect (destabilizing) to  
the viscosity effect (stabilizing) exceeded  
a certain critical value, now known as 
the Rayleigh number [3] . 

Drazin and Reid [4] indicate that  
hexagonal cells (see Figure 2) often 
manifest initially, but other regular  
polygons (equilateral triangles and 
squares) are possible. As the Rayleigh 
number increases further, the cells form 
rolls, as shown in Figure 3. Eventually, 
with further increases in the Rayleigh 
number, the flow becomes turbulent. 

There is remarkable agreement  
between experimental results and the 
theoretical prediction of the onset of 
thermal convection in a layer of fluid. 
Thus, the conditions under which these 
instabilities manifest can be complex, 
but the predictions are quite reliable. 

In fact, Taylor [5] experimentally verified  
his own theoretical prediction of the 
onset of secondary flow in circular 
Couette flow, an argument so  
compelling that some scientists suggest 
that Taylor’s work is the first rigorous 
confirmation of the Navier-Stokes 
equations that govern fluid motion [1] !

REFERENCES
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 sciences pures et appliquées 11,  
 1261 – 1271; 1309 – 1328 (1900).

3. Lord Rayleigh, On convection currents in  
 a horizontal layer of fluid when the  
 higher temperature is on the under side,  
 The London, Edinburgh, and Dublin  
 Philosophical Magazine and Journal of  
 Science 32(192), 529 – 546 (1916).

4. P. G. Drazin and W. H. Reid, Hydrodynamic  
 Stability, Cambridge UP, London (1981).

5. G. I. Taylor, Stability of a viscous liquid  
 contained between two rotating cylinders,  
 Philos. Trans. R. Soc. London, Ser. A 223,  
 289 – 343 (1923).

Figure 1. Stability of a mass-spring-damper to 
a small disturbance depends on the values of 
stiffness (from the spring) and damping

Figure 2. Irregular hexagon cells are commonly  
observed flow patterns for Bénard convection, 
although other regular polygons are possible

Figure 3. Fluid alternately rises and falls  
between the rolls, which take the same  
spacing as the plates
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M ost of us, engineers and non-engineers 
alike, tend to think we can tell a “solid” 
from a “fluid”. But how do we define 
the characteristic difference? 

Most physics textbooks use the concepts of “elastic/
plastic deformation” to define solids and “viscous  
deformation” to define fluids. In simple terms, a solid 
undergoes deformation under stress, while a fluid  
exhibits continual deformation (i.e., it flows). And when 
we think of fluids, we assume the concept of viscosity 
(the ratio of applied stress to the rate of deformation) to 
be a material property, independent of flow conditions 
or applied stresses. 

As always, real-world materials do not always conform 
to these simple constructs. To be sure, for a large class 
of fluids of engineering relevance, viscosity can be 
modeled as a material property—these Newtonian fluids 
include water, air, hydrocarbons, and oil. We know how 
to model the fluid flow and heat transfer for these fluids. 
The simple relationship between shear stress and the 
rate of deformation (or the strain rate) allows us to solve 
mass, momentum, and energy transport equations  
and leads to the well-known formulations used in  
hand-calculations, software tools like Xist®, and CFD. 

Other fluids do not conform to this simple construct. 
These non-Newtonian fluids include polymers,  
suspensions (like toothpaste and ceramics), foams, and 
slurries. Models have been developed to describe many 
non-Newtonian behaviors.

One such behavior is shear thickening, where application  
of shear stress increases the resistance to flow  
(or apparent viscosity). The material oobleck (a mixture 
of cornstarch and water, not just a made-up word by 
Dr. Seuss) shows classic shear-thickening behavior: the 
mixture is runny when stirred with a spoon but hardens 
when slapped, punched, or even walked on! Fluids like 
ketchup and paint act the opposite way, that is, they are 
shear thinning. 

Both shear-thinning (pseudoplastic) and shear-thickening  
(dilatant) fluids have a non-linear relationship between 
shear stress and strain rate, where a power law can  
describe the apparent viscosity. Note that the apparent  
viscosity is no longer a physical property but just a 
convenient (albeit inaccurate) method of trying to model 
non-Newtonian fluids within the Newtonian framework.

Another non-Newtonian behavior is time dependence of 
apparent viscosity: rheopectic fluids show an increase 
in apparent viscosity with time, while thixotropic fluids 
show a reduction with time. Such behaviors point to the 
complex molecular structure of such fluids, as well as 
how molecular interactions can degrade or modify over 
time or under applied stress. 

Hysteresis in the shear stress and strain rate curve is 
often a manifestation of such behavior. For example, for 
a fluid that is both thixotropic and pseudoplastic, ramping 
up the strain rate from low to high leads to a drop in 
viscosity. If this test is followed by a ramp down back to 
the original low strain rate, the apparent viscosity does 
not build back up to the original value.

Non-Newtonian
Fluids:  
From concepts 
to modeling

SIDDHARTH
TALAPATRA
Group Lead, Research
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The topic of non-Newtonian behaviors is like quicksand 
(another non-Newtonian fluid). It is easy to get drawn 
into and hard not to drown in the complexities. 

Along with the aforementioned behaviors, some  
materials exhibit viscoelasticity, a combination of 
solid-like and fluid-like behaviors. The concept of 
yield stress further blurs the line between solids and 
fluids. There is fierce debate on the very concept of a 
solid: some have claimed, like Heraclitus, that “panta 
rei”—everything flows. Professor Eugene C. Bingham 
performed experiments on stones and determined their 
viscosities in the order of 1016 Pa-s: extending time to 
geological scales, even mountains flow.

As practical engineers, we can set aside such philosophical 
considerations. To characterize a non-Newtonian fluid, 
we must first understand the behaviors exhibited within 
reasonable time scales. To do so, we can perform 
standard rheological tests followed by controlled fluid 
flow and heat transfer experiments. 

HTRI selected ketchup as an entry point to understanding  
and modeling non-Newtonian fluids, based on a  
member survey that indicated interest in pseudoplastic  
fluids. Figure 1 shows some pressure drop results 
obtained by running ketchup through the Tubeside 
Single-Phase Unit (TSPU), driven by a progressive 
cavity pump. Ketchup exhibited well-defined power-law 
behavior, with the consistency index K showing a linear 
trend with temperature. We also observed thixotropy 
both over the short and long term, with the K value 
reducing over time, and the power n remaining virtually  
unchanged. Although rheological tests indicated the 
presence of yield stress, accounting for it was not 
important once the ketchup started flowing. 

Our ketchup tests in the TSPU have concluded. With 
steam heating and water cooling the ketchup, we 
were able to identify methods to calculate the thermal  
performance and pressure drop wall correction factor.

And while ketchup is just one of many non-Newtonian 
fluids, this project provided critical data that allow us  
to validate and modify power law fluid heat transfer  
and pressure drop models. This step enables us to 
incorporate improved models of non-Newtonian fluids 
in HTRI software. 

Figure 1. Results from pressure drop tests in TSPU indicating a 
well-defined power-law behavior
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F or more than half a century, HTRI has 
conducted applied research in heat 
transfer and fluid flow technology. 
When we relocated to Texas in 1991, 

we did so with only one vertical intube  
condensation unit. Expanding our research 
into other applications meant that we eventually 
needed space for more units.

In 2006, we built a multimillion-dollar research 
and testing facility at our global headquarters  
in Navasota, Texas, USA. Our Research &  
Technology Center (RTC) is a 22,500 square  
foot facility that provides a controlled testing  
environment, now housing eleven operating 
research units. These large-scale pilot plants 

enable tests ranging from low vacuum to high 
pressure, covering a broad operating range, and 
allowing simulation of process conditions typical 
in production facilities. We perform onsite 
research in multiple applications—including 
boiling, condensation, analysis and mitigation of 
crude oil fouling, and more—as well as specific 
industrial equipment such as air coolers and 
plate exchangers.

In addition to research units, the RTC has  
auxiliary equipment, including a 500-horsepower 
steam boiler and condensate collection system, 
wet cooling tower, and two 50-horsepower  
air compressors. 

Constructed in 2006

Grand opening  
in 2007 

Includes 22,500 ft2 
facility on 27 acres

Features eleven 
research units

F1RST IN CLASS
HTRI Research & Technology Center

Aerial view of RTC

RTC research bay

RTC auxiliary equipment 
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The wide scope of our research  
capabilities is supported by an  
experienced team of Research  
Technicians, Test Engineers, 
and Research Engineers.

 • Research Technicians operate  
  and maintain the research  
  units, modify units as needed  
  for each new test, and build  
  new research units.
 • Test Engineers develop test  
  plans, design new test sections,  
  specify equipment, program  
  software for equipment control,  
  and collect data.
 • Research Engineers explore  
  new technologies and develop  
  correlations that improve our  
  current software.

New areas of research that we are 
focusing on include air-cooled heat 
exchangers and cooling water fouling 
in heat exchangers. 

The RTC has a fully functional machine  
shop, where we design and fabricate  
new rigs while customizing test  
sections for member research and 
proprietary testing. Our machine  
shop includes a lathe, milling machine, 
drill press, and band saw that can  
accommodate pipe up to 12 inches 

in diameter. We also have various 
welding equipment, a pipe threading 
machine, press break, sheet metal  
roller, and other metal working tools. 

We routinely fabricate test sections for 
analyzing heat transfer and pressure 
drop of enhanced heat exchanger 
tubes. This may require construction of 
double-pipe test sections or complete 
tube bundles for testing in crossflow or 
shell-and-tube heat exchangers.

For recent projects, we have designed 
and fabricated more specialized test 
sections, including a shellside reflux 
condenser, falling film evaporator, and 
a vertical thermosiphon reboiler. 

Current work involves building a flow 
visualization unit for an air-cooler  
inlet header. Test results using this 
small-scale mock-up will later help us 
design a larger scale test unit.

Research Technicians and Test Engineers at the RTC

Designing or modifying test units

Fabricating prior to testing

Constructing mock-up of air-cooler header
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Our laboratory features two gas 
chromatographs, a 3D laser-scanning 
microscope, a Stabinger viscometer, 
and a class IV laser for particle image 
velocimetry. Along with measurements 
from instruments installed on the 
research units, these tools provide key 
information for analyzing test results. 

We maintain a variety of fluids, which 
allow us to run tests that closely  
simulate process conditions relevant to 
a wide range of industrial applications.

Each project requires customized 
instrument selection and calibration, 
as well as data acquisition and control 
software. We can also customize  
existing research units or design  
and fabricate new test units to  
accommodate specialized testing.

Analyzing crude oil samples over a range of 
temperatures (the measured viscosity and 
density values are compared to physical 
property software predictions)

Examining crude oil fouling deposits on the 
inside surfaces of fouling test section tubes

Loading crude oil into drum tumbler prior 
to testing

Evaluating fluid compositions for tests 
conducted with mixtures of two or more 
hydrocarbon fluids Taking readings in the High Temperature 

Fouling Unit power cabinet during  
modifications to add four new test sections

Validating accuracy of air velocity instruments 
used in air-cooler testing

Measuring tube dimensions prior to running 
tests on the crude oil fouling test section

Setting up differential pressure transmitter

Calibrating thermocouplesIn the 29 years of operations in Texas, we have 
not had any environmental or safety incidents. 
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Observation ports installed in test exchangers, along with  
high-speed cameras, are used for shellside boiling and  
condensing experiments to help us gain a better  
understanding of phase transitions. Flow visualization is 
incorporated where practical. High-speed cameras capture 
video and still images, and a laser used for particle image 
velocimetry measures instantaneous velocity in fluids. Use  
of these tools, along with CFD analysis, helps us improve 
two-phase flow predictive models.

Visit www.htri.net/rtc to learn more.

Serpentine flow loop used to simulate two-phase flow in fired heaters

Image from window installed in Multipurpose Boiling  
Unit to observe shellside boiling phenomena in a 
crossflow heat exchanger

Transparent shell-and-tube heat exchanger, set up for running 
two-phase flow visualization experiments

PROPRIETARY TESTING
HTRI offers proprietary testing to both members 
and non-members. We often receive requests  
to test the heat transfer and pressure drop  
measurements of heat exchanger equipment  
enhancements (e.g., tubes with modified  
internal or external surface geometries, coatings,  
or tube inserts). We can also examine a diverse 
range of heat transfer issues, including

 • the performance of most types of heat  
  exchangers, from shell-and-tube to various  
  types of plate exchangers
 • fouling characteristics of crude oils and biofuels
 • the effectiveness of antifouling additives  
  and coatings

Email contracts@htri.net to discover 
how we can help your company.
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RTC UPDATE

UPGRADES
LOW-FLOW
TESTING

MULTIPURPOSE

for

in
the

B O I L I N G  U N I T

The Multipurpose Boiling Unit (MBU) 
is designed to study various boiling 
regimes and mechanisms using both 
single- and multi-component fluids 
for a single tube and a tube bundle of 
plain or enhanced surfaces. LANCE BISHOP

Lead Test Engineer

The original MBU (constructed in 1995) limited 
the process-side liquid flow rate at the inlet of 
the test section, as well as both the liquid and 
vapor streams, to a minimum of approximately 
0.023 kg/s (3 lbs/min). At that time, our ability to 
precisely control and measure lower flow rates 
was constrained by the available instrumentation. 

While this minimum flow rate was acceptable 
then, we can now use improved technology  
to test at even lower rates. We recently  
implemented changes to our facility that improve 
the controllability and flow measurement  
accuracy we can achieve.
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Figure 1. Original configuration of the MBU Figure 2. Reconfigured MBU with parallel paths

Figure 1 shows the original configuration of the MBU.  
Two-phase testing on the MBU uses three major flow streams: 

 • Test section inlet (feed)
 • Liquid
 • Vapor

The test section inlet stream enters as a liquid (a few degrees  
subcooled) and typically exits as a mixture of liquid and 
vapor. The liquid is collected in a tank, while the vapor 
continues through a separator—where entrained liquid is 
removed—before entering a condenser that converts the 
vapor back to a liquid collected in a second tank. A constant 
level is maintained in the two tanks so that the flow  
measurement reading on the outlet of the tank represents 
the flow of each stream. In a steady-state condition, these 
two flow measurements combine to equal the test section 
inlet flow rate and allow for an assessment of the test  
section outlet vapor quality.

To lower the minimum flow rate in the MBU, we added a 
parallel line to route around the existing flowmeter and  
control valve on each flow stream (Figure 2). The line added 
to each flow stream includes a flowmeter and control valve 
designed to control and measure flows below 0.00756 kg/s 
(1 lb/min) and as low as ~0.0015 kg/s (0.2 lbs/min). These 
flows are equivalent to Reynolds and Froude numbers  
15 times lower than the previous minimum.

These upgrades not only accommodate testing at lower 
overall flow rates but also allow for different configurations 
on each flow stream, as each parallel flow path can be  
isolated independently. For example, if the test plan requires 
testing at vapor qualities close to either 1 or 0 at higher 
flows, one stream can be configured for low flow to achieve 
the greater resolution required, while the other stream is 
configured for the higher flow. 

Upon completion of the upgrades, we restarted testing on 
the falling film evaporator (FFE) and have been able to test 
at flows low enough that our research now includes

 • more accurate analysis of the minimum wetting rate
 • testing of multiple film breakdown mechanisms 

As HTRI continues to collaborate 
with our members, we will keep 
improving our research capabilities 
at the RTC.
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HTRI’s 2019 Global Conference 
& Annual Meeting of Stockholders 

HTRI’s 2019 Global Conference 
& Annual Meeting of Stockholders 

This annual event was held September 16 – 19, 2019  
in Portland, Oregon, USA. Members had the  
opportunity to network with one another, hold  
discussions with staff, and attend a variety of 
demonstrations and poster sessions highlighting 
HTRI products and services. Prior to the conference,  
the Board of Directors, Technical Committee, and 
Task Forces met to review and discuss Fiscal Year 
2019, as well as make plans for Fiscal Year 2020. 

We extend our appreciation to all who were  
in attendance. Your contributions help fuel  
the power of the consortium.

Richard P. Casebolt, Chair, Technical Committee, and Ivan M. Olson, Chair, Board of Directors, provided reports on their respective 
areas of responsibility. 

FOR THOSE OF YOU WHO WERE UNABLE TO  
ATTEND, WE HOPE TO SEE YOU ONLINE AS WE  
GO VIRTUAL FOR 2020 GLOBAL CONFERENCE!
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Claudette D. Beyer, Chief Executive Officer, thanked everyone for their contributions to HTRI and provided a report on the performance 
of HTRI in Fiscal Year 2019. Paul Harte, Vice Chair, Board of Directors, and Juan Diaz, President & Chief Operating Officer, joined their 
colleagues on the stage. 

HTRI officers provided informative updates during the Annual Meeting of Stockholders.

JUAN M. DIAZ
President & Chief Operating Officer

CLAUDETTE D. BEYER
Chief Executive Officer

FERNANDO J. AGUIRRE
Senior Vice President, 
Contracts & Training

THOMAS G. LESTINA
Senior Vice President,
Engineering

J. MICHAEL CREAGOR
Vice President,
Research &  
Technology
Center

HANS U. ZETTLER
Vice President, Global Sales
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June 6 – 11, 2021  
Sporthotel Wagrain • Wagrain, Austria

HEAT EXCHANGER 
FOULING & CLEANING 
CONFERENCE XIV

The conference provides a unique opportunity 
for engineers, researchers, practitioners, 
scholars, and industry experts to exchange and 
share their experiences, research results, and 
knowledge of all areas related to the topic of 
fouling and cleaning of heat transfer equipment.

Visit www.heatexchanger-fouling.com for 
more information.

New training courses helped attendees become adept at utilizing our technology and software.

Sam E. Chapple, representing 
HUDSON PRODUCTS (a Chart 
Industries Inc. company), made 
opening remarks to the group. 
HUDSON PRODUCTS is a  
longtime sponsor of the  
Welcome Reception.

Technical presentations focused on the results of proprietary research and new features in software.

Poster sessions were the perfect time for staff to share valuable and 
detailed insights about ongoing research and software initiatives. 

Demonstrations allowed attendees to explore current software 
capabilities and preview upcoming releases. 
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June 6 – 11, 2021  
Sporthotel Wagrain • Wagrain, Austria

HEAT EXCHANGER 
FOULING & CLEANING 
CONFERENCE XIV

The conference provides a unique opportunity 
for engineers, researchers, practitioners, 
scholars, and industry experts to exchange and 
share their experiences, research results, and 
knowledge of all areas related to the topic of 
fouling and cleaning of heat transfer equipment.

Visit www.heatexchanger-fouling.com for 
more information.

Upcoming Events

COVID-19 continues to impact everyone to some degree. The 
health and safety of you and our staff remains a top priority, 
prompting flexibility and changes in business operations.

Due to the pandemic, we have made the decision to bring our 
2020 Global Conference to you through a combination of 
digital experiences. This format provides an opportunity for 
more of you—around the world—to attend our virtual event.

Stay tuned for more details regarding the schedule,  
registration options, and unique sponsorship opportunities 
to share in the power of the consortium!

S E P T E M B E R  2 0 2 0

September 20 – 23, 2021
Four Seasons Hotel Denver
Denver, Colorado, USA 

Join us in the Mile High City at the Four  
Seasons Hotel Denver, where guests can 
experience the city’s vibrant culture and 
year-round Rocky Mountain adventures.

Located about 27 miles from Denver International Airport (DEN),  
the hotel offers five-star accommodations and elegant meeting space. 
The Four Seasons Hotel Denver is perfectly situated for you to take 
in some of the city’s best shopping, dining, and attractions. Larimer 
Square, the Museum of Contemporary Art, and the Denver Performing 
Arts Complex are within walking distance, while several professional 
sports arenas are just a short drive away.

We look forward to seeing you in Denver!

2021 Global Conference &  
Annual Meeting of Stockholders

SAVE THE DATE  
September 19 – 22, 2022 
We are excited to announce that we will 
return to Pasadena, California, USA for the 
2022 Global Conference & Annual Meeting 
of Stockholders.

Join us at The Langham Huntington,  
Pasadena on September 19 – 22, 2022 as we 
celebrate 60 years as your leading source of 
process heat transfer technology. In addition 
to our regular schedule, we look forward to 
holding a special 60th Anniversary Reception 
and Dinner.

Stay tuned for more information, 
and be sure to save the date!

CELEBRATING 
60 YEARS!
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A phase-change material (PCM) is one that absorbs or releases energy during its phase 
transition. Numerous materials in the process industry undergo phase change. However, 
the majority change from liquid to vapor (boiling) or from vapor to liquid (condensing). 

Could the process industry be missing an opportunity to use a solid-liquid PCM as a thermal battery? 

Solid-liquid PCMs have been explored in areas of thermal energy storage (TES) and thermal management 
applications (TMA). TES systems use PCMs as a way to store energy. TMAs use the PCM to lower the 
peak load of a system. 

These PCMs have the potential to improve system performance with high-demand peaks or systems 
that operate in cycles. Here are a few example applications.

PULSED ELECTRONICS
Lasers sometimes operate in pulse mode 
that generates very high peaks. These 
peaks require large capacity coolers that 
may exceed those of conventional cooling 
systems. PCMs may help reduce the  
effective cooling system size because 
they pull heat away from the primary  
system and allow it to dissipate over time [1].

BATTERY COOLING
Electric vehicles rely on batteries for 
heating, as there are no engines. In  
cold weather, heating and defrosting  
windshields may reduce the driving 
range by up to 60%. A PCM heat  
exchanger can store energy by melting 
the PCM while the vehicle is charging. 
During a drive, the PCM will solidify and 
release the stored heat into the cabin [2].

SOLAR THERMAL/ 
HOT WATER SYSTEMS
PCM storage can be coupled with solar 
technology to combat the intermittent  
supply of solar energy. The tank charges 
during the day and discharges overnight 
to provide hot water at all times [3].

RESIDENTIAL HEATING  
AND COOLING
PCMs have been evaluated for use in 
residential buildings as a medium for 
both heating and cooling. In the winter, 
PCMs can warm the air before it enters 
the room, thereby reducing the heating 
power requirement. In the summer, PCMs 
can be “charged” (frozen) during the night 
and allowed to melt throughout the day, 
thereby reducing the cooling load [4].

DRY-COOLING SYSTEMS 
FOR POWER PLANTS
Historically, power plants depend on 
water-cooling systems from nearby 
water reservoirs. Areas with a limited 
water supply require costly dry-cooled 
systems. PCMs are being evaluated as a 
way to store waste heat until night, when 
heat can be rejected efficiently, reducing 
the power requirement and size of the 
cooling system [5].

THERMAL STORAGE OF  
SOLAR ENERGY
The imbalance between the market peak 
demand and the cyclical availability of  
solar energy remains a major barrier to 
the cheap and efficient generation of 
energy through solar plants. A possible  
solution would be to apply thermal  
storage technology, allowing the excess 
day energy to be stored and released at 
the peak demand after sunset. Molten 
metals and alloys are possible PCMs for 
thermal storage in concentrated solar 
power (CSP) systems [6].

ABIGAIL MEZA
Engineer, Research 

Should process heat transfer applications 
use phase-change materials?
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Currently, PCM technology is available in a limited market.  
Additional research is necessary to improve the cost, reliability, 
and performance of PCM systems. HTRI is in the early stages of 
evaluating the thermal characteristics of PCMs, with the intent 
of identifying promising applications in the process industry.
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RESEARCH & TECHNOLOGY CENTER
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BRANDON WHITE
Test Engineer

JEREMY 
STEINSHNIDER
Senior Consultant
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V
isualizing heat emanating from a solid  
surface is a relatively straightforward 
process using infrared thermography. 

Most commonly, a forward-looking infrared (FLIR) 
camera directly images the thermal profile of 
a surface. When the object of interest is not a 
solid surface, such as a hot plume of optically 
transparent gas, the effectiveness of these 
standard techniques degrades considerably. 

Directly injecting smoke (or other fine particulates) into a hot 
gas stream allows easy visual detection of the heat plume 
and tracking of its displacement. However, the presence of 
smoke in the plume does not necessarily indicate that the 
gas stream is hotter than the surrounding environment. As 
the temperature of the gas plume decreases to that of the 
surrounding environment, the visual presence of smoke can 
persist. Additionally, injecting smoke or other particulates 
into a hot air stream can lead to unavoidable surface and  
atmospheric contamination. Therefore, a method to visualize 
a hot gas plume that is temperature selective and non-invasive 
is highly desirable.

Background-oriented Schlieren (BOS) imaging is a technique  
that allows the indirect visualization of heat in an optically  
transparent media, such as a hot gas plume above an  
air-cooled heat exchanger. The process relies on the slight 
temperature dependence of the index of refraction of a gas. 
As light reflected from an object propagates from a cold to  
a warm region of a gas, the light path bends or refracts, 
causing the object to appear in a different location to an 
observer. One example of this phenomenon is looking at  
an object in a body of water. The large difference in index of 
refraction between air and water causes the object to appear 
in a different location than it actually is. The temperature 
dependence of the index of refraction of air is much smaller, 
but the effect is still apparent, as evident in the shimmer of 
a mirage over a paved road on the horizon. 

Capturing this effect digitally is possible through BOS  
imaging. BOS imaging involves taking sequential photographs  
of a regular or random pattern background, behind the hot 
gas plume area of interest. As hot air moves through the 
area of interest, the location of the objects behind it seem 
to be displaced. By comparing sequential images, pixel by 

pixel, small deviations in the location of the background can 
be attributed to local changes in air temperature. Subtracting 
the two images and setting the color value of pixels that 
have not changed to black and pixels that have changed to 
white results in an image that highlights the hot air regions 
where the light is refracted. 

Figure 1 features two images of a lit candle in front of a  
textured wall in a controlled environment. A digital single-lens  
reflex (DSLR) camera focused on the wall rather than the 
candle. The picture on the left is the raw image without 
compression. The picture on the right was taken one 
second later and subtracted from the original image. In the 
second photo, the clearly visible heat plume above the 
lit candle appears to move to the left, consistent with the 
air current in the room from the HVAC system. Additional 
“white” regions in the BOS image on the right may result 
from slight vibrations, instabilities, and user-induced motion 
of the mounted camera or the candle.

Applying this technique above an air cooler located outside 
in the natural environment requires stringent controls over 
the testing equipment. Successful implementation of this 
technique requires a static background to image through 
the heat plume. Since the BOS process highlights changes 
in the background due to light refracting through the hot 
gas region, a uniform clear sky is not ideal, as any apparent 
movement of the background due to refraction looks the 
same. Instead, an ideal background would be an overcast 
sky with high contrast patterns in the clouds or even large 
fields of grass, sand, or trees. 

Figure 1. Raw image of the lit candle (left) and background-subtracted 
image of sequential photo (right) showing the visible heat plume
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To demonstrate BOS imaging of a heat plume above an  
air cooler, HTRI chose to image a grass field and tree line 
behind the air cooler. To minimize the influence of light 
winds creating artificial distortions in the BOS image, the 
DSLR camera was replaced with a high-speed camera,  
capable of taking hundreds of images per second. 

Figure 2 shows the result of this testing at HTRI’s Research  
& Technology Center (RTC) on the Air-cooled Unit (ACU).  
The ACU is an API air cooler with two fans and an  
industrial-scale bundle. For the test, the tubeside process 
temperature was raised to approximately 88 °C, and both fans 
were unpowered (natural draft mode). A high-speed camera 
placed at an elevated position was focused on the outlet 
face of the ACU tube bundle. The high-speed images were 
recorded and post-processed using the BOS technique. To 
enhance the heat plume region, additional post-processing 
filters were applied (as shown in the right half of Figure 2). 
The result clearly highlights the heat plume rising from the 
outlet of the ACU. Also visible in the image are the tree tops 
moving in the wind, as well as a vehicle moving on the road. 

Based on the successful demonstration of BOS imaging for 
visualizing heat plumes, HTRI’s research staff is exploring 
improvements to the process that will increase the fidelity  
of the results, as well as other potential applications of  
this technique. Studying the effects of ambient heat loss 
from heat transfer equipment like plate-and-frame  
exchangers could be very helpful to the industry. Exhaust 
and waste-heat recovery units emit plumes that could also 
be quantified and studied. 

HTRI will continue to explore new  
and innovative techniques to enhance 
and supplement the ongoing heat 
transfer studies.

Figure 2. Raw image from the high-speed camera (left) and post-processed BOS image (right) highlighting the heat plume above the ACU as 
well as other moving objects
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LIDONG HUANG
Principal Engineer,  
Experimental Research

Anyone who drinks wine may notice 
that droplets (or tears) of wine form 
on the inside wall of a wine glass. But 
what causes this phenomenon? The 
short answer: it is all about Marangoni 
stress and evaporation, both of which 
are linked to falling film evaporation.

Carlo G. M. Marangoni, a high school 
physics teacher, was the first to give 
a rigorous explanation of the “tears 
of wine” phenomenon. He formulated 
a theory for flows driven by surface 
tension gradients due to variations in 
composition or temperature. Wine is 
mostly a mixture of alcohol and water, 
with alcohol being the more volatile 
component and having a lower surface 
tension than water. Where the surface 
of the wine meets the side wall of a 
glass, capillary action makes the wine 
climb up the wall. More alcohol  
evaporates at the wall than in the  
center of the glass, resulting in a higher 
concentration of water with a higher 
surface tension. The surface tension 
gradient, a Marangoni stress, pulls more 
wine up the wall, and droplets that form 
fall back down by gravity. This is what 
we call the Marangoni effect.

In addition to a change in concentration,  
temperature also causes a change in 
the surface tension. Most fluids  
demonstrate a normal thermocapillarity, 
in which surface tension decreases as 
temperature increases. However, some 
systems (e.g., liquid crystals) display  
the opposite behavior, known as  
anomalous thermocapillarity [1].

Both surface tension and the surface 
tension gradient play an important role 
in falling liquid film heat transfer. Liquid 
film falling down a vertical plate or tube 
typically has a wavy nature, as illustrat-
ed in Figure 1. Higher surface tension 
results in a more stable liquid film with 
less turbulence. However, the surface 
tension gradient may stabilize or break 
down the liquid film. 

As illustrated in Figure 2, temperature 
at the liquid-gas interface is higher at 
wave troughs, because the interface  
is closer to the hot wall and lower  
at the wave crest. For a normal  
thermocapillary fluid, the interface 
temperature gradient creates a  
Marangoni stress that moves liquid 
from the trough to the crest, resulting 
in the film becoming thinner at the 
trough until no liquid exists at that  
spot, leading to film breakdown with 
dry patches.

For evaporation of a mixture, changes 
of both concentration and temperature 
impact surface tension variation. If the 
surface tension of the more volatile 
component in the mixture is lower than 
that of the less volatile component 
(which is true for most hydrocarbon 
mixtures), evaporation may cause an 
increase in surface tension even with 
an increase in temperature. In such a 
case, the Marangoni stress may work 
in the opposite direction and stabilize 
the liquid film. For a mixture of ethylene 
glycol and water, water with its higher 
surface tension evaporates first,  
resulting in an even lower surface  
tension at the wave trough and a higher 
potential for film breakdown.

It is interesting how our daily experiences  
are often linked with process heat  
transfer technology. A simple glass of 
wine can help us understand the  
mechanisms of falling film evaporation.

HOW MARANGONI STRESS 
AFFECTS FALLING FILMS

Figure 2. Illustration of Marangoni stress on 
a wavy liquid film

REFERENCE

1. S. Kalliadasis, C. Ruyer-Quil, B. Scheid, 
 and M. G. Velarde, Falling Liquid Films,  
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Figure 1. Falling liquid film with wavy surface 
inside a tube (photograph taken from a 
transparent tube setup at HTRI’s Research 
& Technology Center)

WAVY LIQUID FILM
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FY 2020 Board of Directors

BOARD OF DIRECTORS

Claudette D. Beyer, Chair  
Heat Transfer Research, Inc.

Paul D. Harte, Vice Chair  
North West Redwater 
Partnership 

Sam E. Chapple 
Independent Director

Dan C. Dargene 
Independent Director

 

George A. Denavit 
Independent Director 

Michael J. Holtz 
Joseph Oat Corporation

Ivan M. Olson 
Independent Director 

Peter J. Redman 
Independent Director 

Snezana Velimirovic 
Chemetics Inc. 

HTRI Welcomes New Member to 
the Board of Directors
 
Dan C. Dargene, Independent Director. 
Employment Law Attorney, Dallas, Texas, 
USA. Dargene has over 30 years of 
experience in the legal field with a focus 
on Labor and Employment. Before joining 
Ogletree Deakins in 2009, he was with 
Winstead, Akin Gump and Kemp Smith. 
Dargene provided legal representation 
to HTRI for over 20 years prior to retiring 
in 2015. BBA, University of Notre Dame. 
JD, Law, Southern Methodist University, 
Dedman School of Law. Texas Board of 
Legal Specialization Certification: Labor 
and Employment Law.

Shown left to right:
Sam Chapple, Paul Harte, Claudette Beyer,  
Ivan Olson, Snezana Velimirovic, George Denavit, 
Dan Dargene, and Michael Holtz 
(Not shown: Peter Redman)
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FY 2020 Technical Committee

TECHNICAL COMMITTEE

Richard P. Casebolt, Chair 
ExxonMobil Research and 
Engineering Company 

Ray E. Tucker, Vice Chair  
UOP LLC 

Christian Andersson 
Alfa Laval Lund AB

Ray G. Broussard 
INVISTA S.à r.l

Edwin M. van Doorn 
Fluor B.V.

Satoshi Ikenoue 
JXTG Nippon Oil & Energy 
Corporation

Les Jackowski 
Chevron Energy Technology 
Company

Himanshu M. Joshi 
Shell Global Solutions  
(US) Inc.

Thomas Lang 
Wieland-Werke AG

Richard J. Lorenzo-Arocho 
Eastman Chemical Company

Alexander D. McRae 
Technip Stone & Webster 
Process Technology, Inc. 
(Boston)

John Michelin 
Exchanger Industries Limited

Mohan V. Punganur 
The Dow Chemical Company

Carolyn E. Schmit 
BP Products North America Inc.

HTRI Welcomes New Member to 
the Technical Committee
 
Satoshi Ikenoue, Manager, Process 
Technology & Engineering Group, 
JXTG Nippon Oil & Energy Corporation, 
Tokyo, Japan. Since joining JXTG in 
1993, Ikenoue has held several positions 
including Regional Energy Advisor, Team 
Leader of Heat Exchanger Monitoring 
Team, and Group Manager of Project 
Process Design Team. He currently is the 
corporate lead for energy/fired and heater/
heat exchanger technologies, providing 
headquarter support for JXTG’s eleven 
refineries throughout Japan. With over 25 
years of experience in refinery operation 
optimization and troubleshooting, he has 
outstanding knowledge in heat exchanger 
monitoring programs including model 
development and results evaluation. 
Master of Chemical Engineering, Tokyo 
University, Tokyo, Japan. Crude Oil Fouling 
Task Force: Member

Standing left to right: 
Mohan Punganur, Richard Lorenzo-Arocho,  
Satoshi Ikenoue, Thomas Lang, Richard 
Casebolt, Ray Tucker, John Michelin, Christian 
Andersson, Carolyn Schmit, Ray Broussard

Seated left to right:
Himanshu Joshi, Edwin van Doorn, Les Jackowski, 
Alex McRae

Our thanks to . . . 
M. Venkatesh 
Larsen & Toubro Limited 
HTRI Technical Committee: 2007 – 2019




