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UNSTEADY-STATE HEAT TRANSFER 
INVOLVING A PHASE CHANGE 

An Example o f a 'Project-Oriented' Undergraduate Laboratory 

D. C. SUNDBERG and A. V. SOMESHW AR 
University of New Hampshire 
Durham, NH 03824 

THE CHEMICAL ENGINEERING laboratory experi­
ence for undergraduate students at the University 

of New Hampshire is composed of a sequence of two 
courses which are conducted during the second semes­
ter of the junior year and the first semester of the 
senior year, respectively. The first course is dedicated 
to experimentation in the areas of fluid mechanics and 
heat transfer, while the second course involves mass 
transfer and reaction kinetics. The students have 
either had previous classroom courses in the subject 
areas involved in the laboratory or take the classroom 
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courses concurrently with the lab. The laboratory 
courses require the students to complete one in-depth 
project as well as other short-term introductory ex­
periments in each of the subject areas. These in-depth 
projects have a duration of five to six weeks each, are 
done typically in groups of three students, involve 
weekly and interim group written reports, and con­
clude with the submission of individual written re­
ports and group oral presentations. The oral presenta­
tions are delivered to the entire laboratory class, in­
cluding the instructors. The chemical engineering fac­
ulty and graduate students are also invited to attend. 

Our objectives for these in-depth projects are to 
require the students to become involved in the process 
of thoughtful and effective experimentation as an al­
ternative to the weekly "cookbook" experiments com­
mon to their previous experience, to have them con­
front not-so-straightforward problems which require 
the generation of the bulk of the individual experi­
ments which may need to be conducted, to have them 
learn to integrate theoretical approaches and ex­
perimentation to complete the project, and last but 
not least, to provide them with some unique oppor­
tunities to develop and demonstrate their written and 
oral communicational skills. In some instances we 
have been able to include the concepts of experimental 
design into the projects, while in all cases we have 
strongly advocated the use of theoretical models as 
guides to the choice of useful experiments. The un­
steady-state radial freezing project described below is 
one which is a good example of the type of experience 
our students gain in their lab courses. 

STRUCTURE OF THE LABORATORY PROJECT 

In making up the projects for our lab courses we 
try to structure the assignments so that they portray 
a realistic problem which needs to be solved, rather 
than merely the experimental verification of some 
theoretical concept discussed in the classroom. This is 
not always easy, but it does make a distinctive differ-
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ence in the students' viewpoint of what the laboratory 
is all about. The unsteady-state radial freezing project 
discussed in this paper has been portrayed in the con­
text of having to predict the radial freezing of the 
earth surrounding a proposed storage cavity for 
liquified natural gas. A copy of the project assignment 
sheet given to the students is shown in Table 1. 

At the outset of the project we persuade the stu­
dents to approach the problem by first substituting 
pure water for the earth surrounding the cavity and 
to use dry ice as a substitute for the LNG. They are 
rather quickly convinced that this would be an easier 
system to evaluate, and that with the knowledge 
gained here it would not be too difficult to extend the 
analysis to the more practical case. 

Since this is a laboratory course, the students 
naturally think towards experimental equipment, and 
so they quite rapidly decide upon an arrangement of 
the type shown in Figure 1. Once this is in place we 
can discuss with them some of the problems associated 
with carrying out good experiments, such as insulat­
ing the top of the tank and the water bath, choosing 
an appropriate temperature at which to keep the liq­
uid water, and developing enough data to not only 
provide information about the thickness of the ice and 

TO: 
FROM: 

RE: 

TABLE 1 
Project Assignment Sheet 

Ms. Curie, Mr. Fermi, and Mr. Einstein 
Dr. Jekylnhyde and the ChE Staff 
ChE 612 Project II 

The company in which you are employed manufactures 
liquified natural gas (LNG) and stores it in underground caverns 
which amount to nothing more than large holes in the ground 
with suitable linings. When the extremely cold liquid contacts 
the earth, it freezes the moisture in the soil and a relatively 
impervious liner is built up around the LNG. The energy removed 
from the soil is taken up by the LNG and results in some vapor­
ization of the liquid. 

In order to project the extent of freezing in the surrounding 
earth, to gauge its time dependency, and estimate the rate of 
liquid vaporization, your group is asked to develop a laboratory 
prototype unit in which such an event might be studied. It is sug­
gested that a simple system could be constructed using iso­
propanol/dry ice as a constant temperature vaporizable fluid (at 
-78.4'C) contained in a metal cylinder surrounded by water. The 
water would freeze around the cylinder and the front of the 
freezing zone would progress outward with time. Thermocouples 
could be placed at various intervals throughout the surrounding 
water and the temperature, as well as the freezing zone front, 
could be measured as a function of time. The rate of gas liberation 
could also be measured. A mathematical model would be useful 
for interpreting the above data and to make projections in the 
actual application to LNG. More specifically, on the basis of 
your model, you are to predict important details pertaining to 
the storage of LNG in a 20 ft. deep well, 10 ft. in diameter, and 
surrounded by earth with a moisture content of 10%. 

WINTER 1989 

Our objectives for these 
in-depth projects are to require 

the students to become involved in the process 
of thoughtful and effective experimentation as an 
alternative to the weekly "cookbook" experiments 

common to their previous experience. 

Insulation 

Thermocouple 
Assembly 

FIGURE 1. Overall schematic of tank and ice front 

the temperature profile in it, but also to be able to 
close an energy balance. The latter point is stressed 
in order to get the students to realize that they can 
provide internal checks on the reliability of the data, 
in addition to its reproducibility. The sublimed CO2 is 
normally directed through a wet test meter in order 
to measure its volumetric flowrate and the students 
quickly realize that they need to understand how such 
an instrument works in order to convert the measure­
ments to mass flow rates. 

Another point stressed prior to the time that ex­
perimentation begins concerns the water tempera­
ture. In discussing the impact that the water temper­
ature will have on the overall process, the students 
are guided (the amount of guidance depends upon the 
student group) to create an experimental arrange­
ment which can be most easily analyzed from a model­
ling point of view. The students are usually quite 
pleased with their decision to keep the water temper­
ature at 0°C by adding ice to the water bath when 
they realize that not only did they create a situation 
in which temperature gradients within the liquid 
water surrounding the growing ice front do not have 
to be considered in their analysis, but also that energy 
input to the bath from the surroundings will not be a 
source of experimental error. 

MODELING WORK TO GUIDE EXPERIMENTATION 

During the very early stages of the project the 
students are required to begin their heat transfer 
analysis. Most of the students begin the lab course 
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with the idea that one first runs the experiment and 
then does the analysis, but our objective is to have 
them use their analytical capabilities to guide their 
experimental work and to have them design better 
experiments. 

Figure 2 shows the physical characteristics of the 
heat transfer process to be analyzed. The tank which 
holds the dry ice/isopropanol mixture is made from 
brass and has an outside diameter of 68.3 cm and a 
height of 13.3 cm. Due to the highly agitated state of 
liquid isopropanol within the tank, the inside wall tem­
perature may be safely assumed to be at the sublima­
tion point of dry ice, -78.4°C. At the other heat trans­
fer boundary, the advancing ice front will be at 0°C 
due to the addition of ice cubes to the liquid water 
bath. We have insulated the flat bottom and top of the 
tank with polyurethane foam in order to achieve only 
radial freezing and to avoid edge effects which are 
more difficult to analyze. 

The important features of the analysis are as fol­
lows: 

The heat flux at any time, q, is given as 

kice (21tL) (To -T2) 

ln(rice /r2) 

In terms of the overall temperature difference 

Due to the large heat transfer coefficient of the 
highly agitated isopropanol and the high thermal con­
ductivity of the brass relative to the ice, the flux may 
be written as (except as very short times) 

21tL(T -T)k. O b ice 
q= 

ln (r. Ir ) 
!C e 2 

(1 ) 

Also implicit in Eq. (1) is the assumption of pseudo­
steady conduction, i .e., the characteristic conduction 
velocity (a/lice) in the ice is much greater than the 
velocity of the freezing front (vice). The validity of this 
assumption is to be checked against the data obtained. 

Since all of the energy must come from the freezing 
of water at the ice front and the cooling off of the 
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FIGURE 2. Radial view of tank and ice front 

block of ice, the flux may also be written as 

q = [t.Hf + CP (T0 - Ta)]dmic e 

dt 
(2) 

where LlHr is the heat of fusion of water, Ta is the 
average temperature within the ice and mice is the 
mass of ice. As an approximation to Ta we normally 
guide the students to take it as Ta = (T0 + Tb)/2, or 
-39.2°C. 

Since 
m = 1t(r2 - r 2) Lp 

i ce ice 2 ic e 

the combination of Eqs. (1) and (2) yields 

[ t.H + C ( T - T )] p r d r 
f P O a ice ic e ice (To -Tb )~c e 

dt l n (r. I r ) ice 2 

If CP and kice are taken as constants evaluated at Ta, 
the integration may be carried out to yield 

t = ( t.Hf + CP (To -Ta) )Pice 17c e (z [ ~ce ]- .!._) ~ ) 
( T - Tb ) k 2 n 2 2 + 4 

O i ce 

( 3 ) 

This expression gives a straightforward relationship 
between the thickness of the ice and time. 

We have found that the properties of ice at differ­
ent temperatures are not as readily available as we at 
first assumed. Our recommendation is to use those 
values found in N. H. Fletcher's book, The Chemical 
Physics of Ice (Cambridge University Press, 1970). 
As such, we use 

t.Hf (at ff' c) = 3. 34 x 10 
5 

J/kg 

Cp( at Ta =-39.2°C)=1806 J/kg ,° K 

kice ( at Ta = - 39 .2°c) = 2. 62 Watts /m, °K 

Pice(at T .. =-39.2°C) = 920 kg/m3 
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As noted earlier, the measurement of the rate of 
sublimation of the dry ice allows the students to meas­
ure the actual heat flux, and by its comparison to the 
calculated heat flux (via Eq. (1)) to judge the goodness 
of the data. The actual flux (neglecting heat gain 
through the well-insulated top of the vessel) may be 
given as 

• H V .6H qexp =mco .6 s co = co Pc o sco 2 , 222 •2 
(4) 

where V is the volumetric flowrate of the sublimed 
dry ice, Pco2 its density, and dHs,co2 is the heat of 
sublimation of CO2 at one atmosphere. Although the 
CO2 gas is certainly above its sublimation tempera­
ture by the time it passes through the wet test meter, 
the use of that temperature is not too bad an assump­
tion (see next section) for calculating Pco2• In the fu­
ture we plan to require the students to be more aware 
of the CO2 temperature within the wet test meter to 
improve upon the accuracy of the heat flux measure­
ment. 

The usefulness of having the students work with 
the modeling during the early part of the project is 
that not only have they had to think very hard about 
the heat transfer process itself, but they gain firm 
ideas about the time frame of a good experiment, the 
eventual thickness of the ice formed during that time, 
and the evolution rate of gaseous COz----especially at 
short times. We try very hard to get the students to 
use this information to guide them in carrying out 
good experiments. 

EXPERIMENTAL WORK 

In this project the experimental work is actually 
quite straightforward. With the water bath main­
tained at 0°C by using ice cubes, the only real diffi­
culty is associated with the very beginning of the ex­
periment. The preferred situation is to have the dry 
ice/isopropanol mixture in the tank prior to the exper­
iment and then to instantly place the tank in the 
water. There are some practical difficulties in ac­
complishing this, not the least of which is keeping 
frost from forming around the outside of the brass 
tank. Generally we have found that the easiest way to 
get the experiment started is to place the tank, con­
taining only isopropanol, into the water bath and then 
to add the dry ice to the tank. This procedure requires 
a sacrifice of the early data for the sublimation rates 
and the radial movement of the ice front due to the 
necessity of cooling the isopropanol from about 0°C to 
the dry ice temperature. However, this does happen 
fairly quickly and we find that it affects less than 
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FIGURE 3. Radius of ice front vs. time 

about 10% of the time generally required to carry out 
the experiment. 

The students normally attach a plexiglass rod to 
the side of the tank which holds a measuring rule and 
to which can be attached a series of thermocouples. 
Without an attachment point for the thermocouples 
we have found that they tend to be displaced outward 
by the advancing ice front. Once the dry ice is intro­
duced, data acquisition begins. The temperatures are 
continuously read off the thermocouples. The gas sub­
limation rate is also obtained with the help of the wet 
test meter. The ice front corresponds to an ice temper­
ature of 0°C and the time at which a thermocouple 
reading dips below 0°C (corresponding to the ice front) 
is noted for the five equally-spaced thermocouples (2/5 
in. apart) . A typical run lasts about an hour during 
which the ice front would have advanced nearly two 
inches. 

RESULTS AND DISCUSSION 

We have chosen to present the experimental re­
sults of a recent student group studying this subject 
and judge these results to be about average for the 
various groups which have been involved in this pro­
ject. The data represent a series of three experimental 
runs and, as such, give a view of typical experimental 
reproducibility. 

Figure 3 shows the radial dimensions of the de­
veloping ice front (rice) as a function of time for three 
separate experiments. For comparison we have plot­
ted the model predictions derived from Eq. (3). The 
goodness of the agreement between theory and exper­
iment shown in Figure 3 is readily achieved by the 
students when they use the proper thermal conductiv­
ity of ice. In the earlier years of this project assign­
ment, not enough attention was paid to obtaining a 
representative value for kice· With regard to the 
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pseudo-steady assumption made in Eq. (1) a typical 
calculation at t = 20 min in Figure 3 gives Vice = 1.39 
x 10--S mis, lice = 3.43 x 1~ m, and <X/l = 4.6 x 10--S 
mis. Thus, this assumption is seen to be adequate at 
t = 20 min. 

Figure 4 gives an indication of the difficulties of 
obtaining good values for the rate of CO2 sublimation 
early in the experiment. The data scatter is easily 
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FIGURE 4. Carbon dioxide sublimation rate vs. time 

± 20% during the first few minutes while the iso­
propanol is achieving its cold temperature and the ice 
buildup is small. As can be seen in the plot, the data 
scatter reduced considerably with increasing time. 
The dotted line in Figure 4 is simply a smooth curve 
fitted to the data. A number of points along this line 
are used to compute the average experimental heat 
flux via Eq. (4). In Figure 5 these experimental heat 
fluxes are compared with the predicted heat flux via 
Eqs. (1) and (3). Although the agreement between 
measured and predicted fluxes is not perfect over the 
entire time frame of the experiment, it does provide 
an adequate check upon the closure of the energy bal­
ance for a major portion of the experiment. In our 
view this is quite adequate for a junior level project 
of a relatively short time duration. 

As an extension of the usefulness of the model de­
veloped and tested by the students, they are often 
asked to apply this model to a more realistic problem 
such as the one quoted in the assignment sheet de­
scribed earlier. In this case, using representative val­
ues for the properties of soil with 10% moisture and 
LNG, they are then able to estimate the maximum 
extent to which the LNG will vaporize underground 
and the extent to which the surrounding soil will 
freeze during a reasonable time frame. 
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EVALUATION OF THE PROJECT 

For the seven years we have conducted the labora­
tory course on an in-depth project basis we have found 
that about 80% of the students respond extremely 
favorably. They especially enjoy being able to dig into 
a problem in some detail and find it to be a welcome 
change from the more common lab course approach 
utilizing new experiments every week or two. The 
other 20% have some difficulty with the unstructured 
nature of such projects and would actually have pre­
ferred the more common approach, although in our 
view they would probably do about the same quality 
of work in either situation. 

From the instructor's point of view the projects­
oriented laboratory course is as gratifying as it is dif­
ficult to manage. We feel that projects such as those 
described in this paper give the instructor a real 
chance to teach the students how to apply what they 
are supposed to have learned in the classroom to a 
realistic situation, and to guide them to thoughtful 
and productive experimentation. This usually results 
in the students feeling more like engineers in control 
of the experiment rather than like technicians re­
sponding to a preset list of instructions. The difficulty 
for the instructor is often in managing ten or more 
simultaneous projects such as discussed here. Mur­
phy's Law is a constant companion. 

A particularly interesting and useful part of the 
project report is the oral presentation by each group. 
We have tried a variety of formats for this report 
including poster sessions and the seminar style of 
presentation. We have also utilized the video tape and/ 
or color slides to allow the students to show their 
equipment and experiments while presenting their 
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seminar-style report in a conference room. A gratify­
ing part of these presentations is the interest the 
other student groups show towards the various pro­
jects and the thoughtful questions that are asked dur­
ing the discussion section of the presentations. In sum 
total, we feel that the overall experience is extremely 
beneficial to both the students and the instructors, 
and is definitely worth all of the work both parties 
have to do. 

NOTATION 

CP heat capacity of ice (J/kg °K) 
hb boiling heat transfer coefficient (W/m2 °K) 
L length of ice formation (m) 
k thermal conductivity (W/m °K) 
m mass of ice at time t (Kg) 
rh mass flow rate of CO2 (Kg/s) 
r radius described in Figure 2 (m) 
q = heat flux (W) 
t = time (s) 
T = temperature as described in Figure 2 (°K) 
Ta average temperature of ice block (°K) 
V volumetric flow rate of sublimed dry ice (m3/s) 
p density (Kg/m3) 

.:iHr heat of fusion of ice (J /Kg) 

.:iH8 = heat of sublimation of CO2 (J/Kg) 0 

REVIEW: Reactor Design 
Continued from page 31. 

sively used in problem solving. This chapter introduces 
the concept of non-linear regression analysis and then 
illustrates it to the problem of kinetic parameter estima­
tion. 

Chapter 5 deals with the application of the concepts 
of earlier chapters to design and optimization. A number 
of case study examples are presented. The role of reac­
tor design on selectivity is not discussed satisfactorily. 
Here an almost "Levenspielian" type of discussion 
would have been extremely beneficial from both a 
pedagogical and a practical point of view. 

The coverage up to this point would probably fit 
nicely into a senior class in chemical reaction engineer­
ing. The instructor could assign a number of "end of 
chapter" problems in addition to assigning the case 
studies as computer simulation exercises. This would al­
low the students to get a fairly good grip on the use of 
modern computer based techniques. 

The subsequent chapters cover more advanced top­
ics. Chapter 6 discusses the laminar flow reactor, and 
this requires the solution of partial differential equation 
in two variables. The technique presented is a finite dif­
ference method. The chapter al8'> discusses problems 
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involving variable viscosity, which are important in 
polymer processing. This chapter would blend in nicely 
for those students simultaneously taking a graduate 
level transport course. 

The effect of non-idealities in the residence time is 
discussed in Chapter 7 where the axial dispersion model 
is discussed for both isothermal and non-isothermal re­
actions. The numerical solution strategy discussed here 
for the solution of the two point boundary value prob­
lem is the shooting method. The orthogonal collocation 
provides a more powerful solution method for these 
types of boundary value problems, but there is no men­
tion of this method. A number of library packages such 
as COLSYS or PDE/PROTRAN could be directly used 
here, and it would have been useful to provide a brief 
exposure to the use of one or two commercially avail­
able software to reaction engineering problems. 

Chapter 8 deals with unsteady state analysis ofreac­
tors. A number of examples are shown on the dynamics 
and control aspects. I found the examples both real and 
very illustrative. 

Chapter 9 deals with the effect of mixing in continu­
ous flow systems. In addition to providing the necessary 
mathematics, a valuable qualitative discussion on the 
mixing effects on reactor performance is presented. This 
should help the students to build a conceptual base. 
However, the Zwietering differential equation is in­
troduced suddenly without any derivation or even a 
qualitative basis. More discussion here would have been 
useful. 

Chapter 10 deals with heterogeneous catalysis, while 
Chapter 11 deals with multiphase reactors. Some appli­
cations to new processes such as biochemical reactors 
and electronic device fabrication are included. The 
treatment on three phase reactors is very sketchy. The 
emphasis on computer applications which was the 
theme in the first half of the book is unfortunately lack­
ing here. For example, the author could have shown the 
use of single point collocation in the evaluation of effec­
tiveness factors for nonlinear kinetics. A number of de­
sign problems in multiphase reactors can be solved by 
simple computer programs. (The Omnibook gives a 
rundown of typical examples.) These could have been 
useful. 

The final chapter is exclusively devoted to polymer 
reaction engineering, which is unique since many books 
do not even mention this word. 

The second part of the book (Chapters 9 through 11) 
provides sufficient content for a graduate course, al­
though the instructor would have to supplement the text 
with additional reading materials or notes to provide 
further details on many of the topics. The coverage of 
emerging areas would be useful in such a course, and 
the book would motivate the students to read more on 
those topics. The incorporation of the computer methods 
in the teaching of reaction engineering is vital, and the 
book provides a valuable reference source in this field. a 

49 


