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THE DEVIL'S 
IN THE DELTA 
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As I enter my 40th year of teaching, it seems appropri­
ate to remind teachers and students of a fundamental 
error that occurs with surprising frequency. This error 

is particularly evident in courses that cover a wide variety of 
chemical engineering topics and pull together subjects sup­
posedly learned in previous courses. The senior design course 
and a chemical engineering laboratory with a variety of experi­
ments fit this type of course. In teaching these courses I have 
frequently encountered quite bright students who misuse the 
deltas. Since the differences among the various deltas should 
be obvious and not at all confusing, it is remarkable that errors 
of this type crop up so frequently. But they do. 

This paper will describe a particularly useful experiment 
in the undergraduate Lehigh University chemical processing 
laboratory that uses all three of the deltas and, therefore, helps 
to cement in the minds of students the fundamental differences 
among the three kinds. 
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The title of this paper originates from the old expression 
"The devil is in the details." (Some of you may also remember 
Flip Wilson's famous portrayal of Miss Geraldene with her 
expression, "The devil made me do it.") 

William L. Luyben earned degrees in 
chemical engineering from Penn State 
(B.S., 1955) and Delaware (Ph.D., 1963). 
His industrial experience includes four 
years with Exxon, four years with DuPont, 
and four decades of consulting with 
chemical and petroleum companies. He 
has taught at Lehigh University since 1967 
and has participated in the development of 
several innovative undergraduate courses. 
He has authored 10 textbooks. 
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THE DEVIL DELTAS 

A brief review might be useful to clarify the issues and 
applications addressed in this discussion. 

"In Minus Out" Delta 
An "open" flow process has streams entering and streams 

leaving. Mass, component, and energy balances can be applied 
under either steady-state or dynamic conditions. For example, 
a steady-state energy balance for a distillation column with a 
single feed and two products is 

Afl=Q-W 

The delta in this equation is 

Lill = BhB + DhD - FhF 

where the streams leaving the column are the distillate (with 
flow rate D and specific enthalpy hD) and the bottoms (with 
flow rate B and specific enthalpy h

8
), and the stream entering 

the column is the feed (with flow rate F, and specific enthalpy 
hF). Of course, appropriate and consistent units must be used 
for flow rates and specific enthalpies. If the flow rates are in 
moles per time, the specific enthalpies must be in energy units 
per mole (e.g., Joule, kcal, Btu). 

In a heat exchanger, streams are heated or cooled. Under 
steady-state operations with no phase change, a stream enters 
at temperature Tin and leaves at temperature Tout" If the mass 
heat capacity cr is constant and the mass flow rate is FM' the 
~H for the stream is 

6.H = FMcP (Tout - J;n) 

If there is a phase change, for example if steam is entering 
as a vapor with specific enthalpy Hin and leaving as liquid 
condensate with specific enthalpy h

0
u, through a steam trap, 

the ~H for the steam is 

6.H = Fsteam (hout - Hin ) 

In fluid flow systems, the appropriate deltas are differences 
in pressure, elevation, velocity, and density between the inlet 
and the exit conditions. 
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Figure 1. Heated or cooled agitated vessel. 

"Driving Force" Delta 
Transport processes occur because of differences in driv­

ing forces. In heat transfer, the difference is between hot and 
cold temperatures. In mass transfer, the difference is between 
large chemical potential and small chemical potential (partial 
pressure, concentration, or activity). In momentum transfer, 
the difference is between high pressure or velocity and low 
pressure or velocity. 

For example, consider a perfectly mixed vessel that is 
surrounded by a jacket. The temperature of the liquid in the 
vessel is Tvessel" Suppose the jacket is completely filled with 
condensing steam at temperature Ts,eam· The driving force for 
heat transfer is 

L,,_ T = Tsteam - Tvessel 

The heat-transfer rate Q that results from the driving force 
~Tis 

Q = UAH6.T = UAH(¾team -Tvessel) 

where U is the overall heat-transfer coefficient and AH is the 
heat-transfer area of the vessel wall. In this example, the jacket 
temperature is the same at all positions in the jacket. 

If the vessel is cooled or heated by a fluid flowing through 
the jacket or through an internal or external coil in plug flow, 
the temperature of this fluid changes with position. Therefore 
the temperature driving force changes, and a log-mean tem­
perature difference must be used. 

where the two deltas are the temperature differences at the 
inlet and outlet ends of the jacket or coil. 

L,,_ Tl = Tvessel - TCin 

L,,_ T2 = Tvessel - TCout 

Now the heat-transfer rate is 

Q ~ IJA8 (t;T)w ~ UA8 f;T[ ~~]' 
ln --1 

6.Tz 

If a circulating cooling water system is used with a high 
rate of circulation, the temperature in the jacket is essen­
tially constant at some temperature, Tr The heat-transfer 
rate is 

In this type of system, a cold makeup water stream at T Cin 
is added to the circulating loop, and water is removed at 
the jacket temperature Tr A circulating cooling water 
system has superior dynamics compared to the once­
through system. The high circulation rate maintains a 
high coolant-side film coefficient that does not change 
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with the load on the system (the makeup water flow rate), so 
time constants are less variable. 

"Time" Delta 

The variables in a dynamic process change with time, so we 
can talk about changes in time, ~t, and changes in properties, 
~x, between their value at one point in time and their value at 
a later point in time. For example, when the liquid in a vessel 
is heated at startup, the temperature changes with time. 

6.T = 'Tit,J -'Titil 

At any point in time the rate of change of temperature is 

dT 6.T ¾t,l - lit,) 
dt :::::; 6.t :::::; t

2 
- t

1 

if the time increment between t
2 

and t
1 

is small. 

LABORATORY EXPERIMENT USING ALL 
THREE DELTAS 

Apparatus 
The process consists of a stirred vessel, 1 m in diameter 

containing 785 kg of water. The rpm' s of the agitator can be 
varied to see the effect on the inside film coefficient. A spiral 
coil is wrapped around the outside of the vessel, making nine 
wraps around the circumference. Figure 1 gives a sketch of the 
apparatus. The tank is equipped with a 0.3 m, 6-blade impeller 
with four baffles. The heat-transfer area is 3.14 m2. 

The liquid in the vessel is initially at ambient temperature. It 
is heated by introducing steam at the top of the coil. Conden­
sate leaves at the bottom through a steam trap. Temperatures 
inside the vessel and at the inlet and outlet of the coil are 
monitored by a data acquisition system. 

When the temperature of the vessel reaches about 90 °C, the 
steam is shut off and cooling water is introduced. The water 
enters at the bottom of the coil and leaves at the top. 

Data and Analysis 

Figure 2 shows typical temperature vs. time trajectories 
for the batch heating and cooling. The temperature in the 
coil during heating is shown as being constant at the steam 
temperature. This is actually not the case because it takes 
some time for the coil to become completely full of steam. 
This complicates the analysis of the heating step because the 
temperature profile along the coil is not known until it is full 
of steam. We consider this later in this paper. 

The analysis of the cooling step is much more straight­
forward, and our discussion for the purpose of illustrat­
ing the "devil deltas" will concentrate on this part of the 
batch cycle. 

The flow rate of cooling water is constant and can be mea­
sured by the old-fashioned "bucket and stop watch" method. 
The inlet and outlet cooling water temperatures are measured, 
as is the vessel temperature. 
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At any point in time, there are two ways to estimate the 
instantaneous heat-transfer rate. From the measurement of 
the cooling water flow rate and inlet and outlet temperature, 
the heat-transfer rate at that point in time is 

Qcw = F cwCP ( TC.out - TC.in) 

This is the "out minus in" delta. At time equal 30 minutes in 
Figure 2, this "out-minus-in" delta is 

6_ Tout-in = TC,out - TC,in = 38 -15 = 23 C
0 

The heat-transfer rate can also be estimated by the time rate 
of change in vessel temperature. This uses the "time" delta. 
At time equal tn, the instantaneous rate of heat transfer to the 
fluid in the vessel is 

Since the heat-transfer rate varies with time, the slope of 
the temperature vs. time curve varies during the batch cooling 
step. Having two independent ways to estimate the rate of heat 
transfer improves reliability of the estimated film coefficients. 
Figure 2 shows this delta at 30 minutes is about 3.5 °C per 
minute (the slope of the vessel temperature line). 

6.Ttime = 3.5 °CI minute 

Using this value, the instantaneous heat-transfer rate is 
calculated to be 192 kW. The heat-transfer rate from the flow 
rate of cooling water (2 kg/ sec) and the inlet and outlet cooling 
water temperatures is very close to this number. 

The temperature of the cooling water in the coil varies along 
its length, so a log-mean temperature difference is used. This 
is the "driving force" delta, 

6T™ ~ l,Tl ~~1' 
ln --1 

6.Tz 
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Figure 2. Temperature profiles and temperature deltas 
during cooling. 
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In the batch heating situation, the independent vari­

able is time, but the heat-transfer equations are the same. 
Therefore, total heat transfer can be calculated by the 
change in vessel temperature from some point in time to 
another point in time. The driving force can be calculated 
using a log-mean temperature difference based on the 
difference between the constant steam temperature and 
the temperature of the vessel at the two points in time. 

201-/----;r'----+------+~---+------+---"P"--~ 

The similarity between length and time coordinates is 
understood if you visualize a little particle of fluid flow­
ing down the tube in steady-state flow. It sees a constant 
steam temperature and is heated as it flows along. This is 
exactly the same as the batch heating of a vessel. T1-----. 
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Figure 3. Using time delta for heating phase with 
constant U and ~team· 

where the two deltas are the temperature differences at the 
inlet and outlet ends of the coil. 

L, Tl = Tvessel - TCin 

L, T2 = Tvessel - TCout 

The log-mean temperature difference at this point in time is 

L.'I = L.Tl -L.T2 = (70-38)-(70-15) =425 oc 
LM ln( L.T1 I 1)70-381 . 

lL.T2J l70-15) 

With a heat-transfer area of 3.14m2, the overall heat-transfer 
coefficient is 

192 

(3.14)(42.5) 

The vessel inside film coefficient can then be calculated by 
accounting for heat conduction through the vessel wall and 
estimating the film coefficient inside the coil using the Dittus­
Boelter equation and an appropriate equivalent diameter. 

Even with a constant agitator speed, there is some varia­
tion of the overall heat-transfer coefficient and the inside film 
coefficient with time. This occurs because the varying vessel 
temperature affects the viscosity of the water. 

Approximate Analysis for Heating Step 

If the temperature in the coil was constant during the heat­
ing period and the overall heat-transfer coefficient was also 
constant with time, the analysis would be quite simple. It 
would use "time" deltas in a way that may not be obvious. The 
situation is analogous to the steady-state flow of fluid down the 
length of a heated tube. In that situation, the appropriate driv­
ing force for calculating the heat-transfer rate is a log-mean 
temperature difference using the temperature differentials at 
the inlet and exit ends of the tube. The log-mean temperature 
difference assumes a constant heat-transfer coefficient. The 
independent variable is length. 
22 

60 It should be emphasized that the analysis discussed 
in this section makes two important assumptions. First, 
the steam temperature is constant. Second, the overall 

heat-transfer coefficient is constant. 

Figure 3 shows how the vessel temperature changes during 
heating. It starts at T 1 when time is t1 and ends at T 2 when time 
is t2' The total amount of energy added during this period is 

Energy = Mvessel Cp ( T2 - Tl ) 

The average heat-transfer rate over this period is 

Q = Energy = Mvessel Cp ( T2 - Tl) 

t2 - tl t2 - tl 

The instantaneous energy balance on the fluid in the vessel 
IS 

M dTvessel A U(T T ) 
vessel Cp -- == H steam - vessel 

dt 

This linear ordinary differential equation can be integrated 
to give 

[ 
AhU l 

T - T + C e - Mvos~JCp t 
vessel( t) - steam 1 

The constant of integration c1 is evaluated at the initial condi­
tion where Tvessel = Tl. 

[ 
AhU l 

C = ('I -T )e Mvos~1Cp t, 
1 1 steam 

The time dependent vessel temperature is 

-[-~~-+-ti) 
Tvessel(t) = Tsteam + (T1 - ¾team) e MwsseJCp 

Evaluating this equation at time equal t2 where Tvessel = T2 
gives 

-[~](t,-t,) 
T - T + (rr T )e MvosseJCp 

2 - steam .l 1 - steam 

Rearranging gives 

T -T -[~](t,-til 
2 steam == e MvesseJCp 

Tl -Tsteam 
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Taking the natural log of both side of this equation gives 

n --""='---"- =- ---'-'-- t -t 1 
[

¾team -Tz] l AHU J( ) 
¾team - Tl Mvessel Cp 

2 1 

Rearranging and substituting the previously defined equation 
for Q give 

[
T -Tl ln steam 2 = _ 
T -T steam 1 

AHU(T2 -Ti) 

Mvesse!CP (Tz - Tl) 

( t2 - tl) 

ln[iteam = i] = ( AHU(T1 -Tz) I 
steam 1 l Q j 

Q = UAH (Tl - T2) = UA (Tsteam - T2 )-(Tsteam - Tl) 

ln[ ¾team - Tz] H ln[ Tsteam - Tz] 
¾~m-~ ¾~m-~ 

Q = UAH ( 6.T)LM 

In our experimental apparatus, the temperature through the 
entire coil is not equal to the steam temperature for about half 
the heating period. In addition, the change in viscosity due to 
changes in temperature results in variations in the heat-transfer 
coefficient. So, the simple analysis described above can only 
be applied for the period toward the end of the heating step. 

During the initial part of the heating step when the tempera­
ture of the exit stream from the coil is not equal to the inlet 
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temperature, the full heat-transfer area is not being used for 
steam condensation. Thus it is uncertain how to calculate an 
internal heat-transfer coefficient. One approximate method 
is to assume that the active heat-transfer area varies linearly 
with time during this period. 

Once the temperature of the exit stream from the coil be­
comes equal to the inlet temperature, either the approximate 
method discussed in this section or a rigorous approach can 
be applied. The rigorous method evaluates the inside film 
coefficient at each point in time by getting the heat-transfer 
rate from the rate of change of the vessel temperature, and 
using the differential temperature driving force ofTsteam minus 
Tvessel and the full heat-transfer area. 

For example, in Figure 2 at time equal 20 minutes, the 
differential temperature driving force is 100 - 85 °C and the 
slope of the Tvessel curve is about 1.3 °C per minute. 

CONCLUSION 

This paper has attempted to provide a clear distinction 
among the three deltas that are used in chemical engineering. 
Although they are obvious to the experienced engineer, they 
are often misapplied by young students. 
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