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Abstract-We previously described a method utilizing the flow of developer solution over an exposed 
photographic film for imaging mass uptake patterns at solid surfaces. We have now formulated a calibration 
equation that converts optical density of the developed black-and-white film to the local mass transfer 
coefficient. This equation was evaluated with measurements of mass transfer at the surface of a spinning 
disk and in the entry region of a straight tube. The product of developer dilution and development time 
dictated the broadest range of measurable mass transfer coefficient values and had an optimum value of 

approximately 1 .O min. 

INTRODUCTION 

Mass transport in complex velocity fields has long 
been a subject of interest. Yet, few methods exist for 
measuring the distribution of solute flux under differ- 
ent flow conditions, and these methods all have impor- 
tant limitations. Electrochemical probes, which mea- 
sure the current generated by a diffusion-limited 
electron transfer reaction, do not provide good spatial 
resolution [l]. Profilometric methods, which are based 
on the direct loss of pure solid coatings [2] or the loss 
of solute from swollen polymer coatings [3], yield 
patterns of surface erosion that can provide excellent 
spatial resolution. However, the interpretation of 
these surface patterns requires tedious and/or soph- 
isticated measurement strategies. In response to the 
need for an improved method of visualizing mass 
transfer patterns, we are investigating a photographic 
technique which is simple and inexpensive to use, and 
which can utilize commonly-found video image analy- 
sis equipment for data processing. 

The thin emulsion that coats a photographic film 
contains a large number of minute ‘grains’ of trans- 
parent silver halide crystals suspended in gelatin. 
When a photograph is taken, a few atoms of silver 
halide are reduced to metallic silver in each of the 
grains that is exposed to light. To develop this imper- 
ceptible ‘latent image’, the film is treated with a chemi- 
cal reducing agent that forms additional silver atoms 
within the exposed grains, thereby rendering them 
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opaque [4]. In the photographic method we have con- 
ceived, a black-and-white film is totally exposed to 
light, attached to a test surface, and then subjected to 
the flow of aqueous developer solution. Since chemical 
reduction of the silver halide is fast, the convective- 
diffusion of developer to the emulsion surface strongly 
influences the local increase in opacity of the film. 
Therefore, the image appearing on the fixed emulsion 
serves as a permanent record of the spatial distribution 
of mass uptake. 

In a previous study, we applied the photographic 
method to flow over a backward facing step, a right 
circular cylinder and a square resting on the bottom 
of a liquid flow channel [5]. Though the images we 
obtained were quantified by optical density measure- 
ments, the absence of a functional relationship 
between OD and mass transfer coelBcient limited the 
usefulness of the data. The purposes of the current 
research were : to formulate a calibration equation for 
converting OD measurements into k, values ; to use 
a spinning disk experiment for estimating unknown 
parameters in the calibration equation ; and to verify 
the calibration equation by applying it to entrance 
flow in a straight tube. 

MATHEMATICAL MODELING 

Reaction kinetics ofjilm development 
A silver bromide-based film and a hydroquinone- 

based developer solution were selected for this 
research. In that case, film development occurs by 
a multistep mechanism in which a doubly-charged 
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NOMENClATUftE 

G, Go, Gs concentrations of OD’, (OD’),, normalized optical density on 
hydroquinone in the emulsion, the film, equation (1 1), at an 
diluted developer and stock developer arbitrary and at a reference point 
km01 me31 rH7 rSB rate of chemical depletion of 

Cs,, Cs concentration of silver in the hydroquinone and of silver bromide 
emulsion, initially (due to the latent [kmol me3 s-‘1 
image) and at some time later R tube radius [m] 
[kmol m-‘1 Re Reynolds number, the ratio of the 

C Cs, SBO, concentration of silver bromide in volumetric liquid flow rate per unit 
the emulsion, initially and at some channel width to the kinematic 
time later [kmol mV3] viscosity 

DH effective binary diffusion coefficient of t development time [s] 
hydroquinone in developer solution u average velocity of liquid through a 
[m’s_‘] straight tube [m s-‘1 

k,, (k&r mass transfer coefficient on the film x developer dilution factor 
surface at an arbitrary point and at z, z,r axial distance from leading edge of film 
a reference point [m’ s-‘1 at an arbitrary point and at a 

kg, k, lumped parameter rate constants for reference point [ml. 
reaction I and reaction IT [SK’] 

kI, kI, rate constants for reaction I 
[m6/kmo12/s] and reaction II 
[m’kmol- s-‘1 Greek symbols 

L thickness of the emulsion layer [m] u optical extinction coefficient 
n the stoichiometric ratio between the [m’ kmol-‘1 

number of hydroquinone molecules P lumped calibration parameter 
that are reacted and the number of [m s-‘1 
silver cations that are reduced. kinematic viscosity [m’ SK’] 

OD, OD,, OD, optical density of exposed 1 equilibrium ratio of hydroquinone 
film that has been partially developed, concentration between developer 
undeveloped and completely solution and emulsion 
developed. w rotational frequency [rad s-l]. 

hydroquinone anion first reacts with one silver cation 
to form a singly-charged semiquinone free radial and 
a reduced silver atom. Because sodium sulfite is also 
present in the developer, the semiquinone reduces 
additional silver cations, producing hydroquinone 
monosulphonate and hydroquinone disulphonate as 
reaction byproducts [6]. The rate of these reactions 
may be enhanced by silver atoms, and it is this auto- 
catalytic property that accounts for the spatial speci- 
ficity and speed of latent image development [7]. 

In modelling these complex kinetics, we assumed 
that the autocatalytic production of the semiquinone 
radical is rate-controlling and the reaction is first- 
order with respect to hydroquinonone, silver bromide, 
and the reduced silver concentrations. In that case, 
the rate of depletion of silver bromide per unit volume 
of emulsion is given by (reaction I) 

We also assumed that the emulsion layer is so thin 
that it is well-mixed by diffusion. This implies that Css, 
Cs and Cn do not vary with depth into the emulsion. 

A choice between the alternative rate expressions, 
(1 a) and (1 b), will be based on an experiment in which 
the emulsion is submerged in a well-mixed developer 
solution. In that case, the hydroquinone con- 
centration in direct contact with the emulsion surface 
is the same as the bulk concentration of hydroquinone 
in developer solution. It is also assumed that the dis- 
tribution of hydroquinone concentration between the 
developer and the emulsion is prescribed by a constant 
equilibrium ratio so that 

CHO = 1CH. (2) 

A material balance on the silver bromide in the emul- 
sion yields 

rSB = W&,Cs. (la> d(C,,)/ dt = - rsB. (3) 
As an alternative scenario, we considered the pro- 
duction of semiquinone under noncatalytic conditions Since neither silver bromide nor reduced silver can 
(reaction II) leave the emulsion, an overall material balance yields 

rSB = k&&S,. (lb) cS = (%30 + cSo) - cSB. (4) 
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If there is a sufficient excess of hydroquinone in the 
developer, then the decrease in C,, due to reaction in 
the emulsion will be negligible and equations (l)-(4) 
can be solved to obtain 

Css/(CseLl + Go) = { 1+ (CS&SBO) 

x exp [(kl(CsBO + G,W)(G,01~ -’ 04 
for reaction I and 

CsB/Cs, = exp [- W4~GoOl 
for reaction II. 

Gb) 

To compare these predictions to experimental data, 
the silver bromide concentrations must be related to 
the optical density of the emulsion. Optical density 
can be written in terms of silver concentration in the 
emulsion by using the Beer-Lambert law of light 
transmission 

OD = OD, + (aQ(Cs - Cs,). (6) 

Recognizing that a maximum optical density, OD,, 
occurs when all the silver bromide has been reduced 
to silver, equations (4) and (6) lead to 

Go = (OD, - ODJl(G (7) 

and 

C,, = (OD, - OD)/(aL). (8) 

In the experiments, the concentration of hydro- 
quinone is not measured. Rather, the developer is 
diluted from a standard stock soiution and it is con- 
venient to define a dilution factor as 

x -= c,,/c,,. (9) 

The final %n development equations are obtained by 
combining equations (5) and (7)-(9) with the result 

OD’= {I-exp[-k:(Xt)]}/ 

11 + (CssO/CsO) exp [-kXxt)l1 (lOa) 

for reaction I and 

(I-OD’) = exp[-k,(Xt)] (lob) 

for reaction II. In these equations, the normalized 
optical density is defined as 

OD’ = (OD- OD,)/(OD, - OD,). (11) 

It varies from zero for undeveloped film to a value of 
unity when all the silver bromide is reduced to metallic 
silver. Also, lumped reaction rate coefficients have 
been defined as 

k: = k,C,,(Cs,, + G)l~ (12a) 

and 

k, I k,,C,,/A. (12b) 

The calibration equation 
Now consider the case when diffusion resistance in 

the developer solution is important. We assume that 
the accumulation of hydroquinone in the emulsion is 
so slow that the interfacial uptake of hydroquinone is 

balanced by its chemical depletion. Representing the 
rate of uptake by the product of an individual mass 
transfer coefficient with the difference in hydro- 
quinone concentration between developer solution 
and emulsion, this balance can be formulated as 

k,(C,,--AC,) = v,L (13) 

where it has been assumed that the volume-to-surface 
ratio of the emulsion is equivalent to its thickness. As 
will be demonstrated by well-mixed film development 
data, the kinetics are adequately represented by reac- 
tion II. Assuming also that the ratio of the reactant 
rates, rH/rss, is fixed by a constant stoichiometric 
coefficient, n, then equations (1 b) and (13) can be used 
to predict C, 

C, = (C,,/Nl + Wkdk4Gd. (14) 

Combining equations (lb), (3), (9), (12b) and (14) 
results in a first-order differential equation for CsB 
which can be integrated with the result 

CsslCsBo = exp [ - k G’O 

+ WklWdG,, - WI. (15) 

This equation can be written in terms of optical den- 
sity by making use of equations (7), (8) and (1 l), and 
then solving for k, to obtain 

k, = j3(OD’)/[k,(Xt)+log,(l-0091 (16) 

where a lumped calibration parameter has been 
defined as 

fl E k,,n(OD, - OD,)/d. (17) 

Equation (16) relates the mass transfer coefficient at 
a point on the film to the optical density and the 
dilution-time product, Xt. 

Evaluation and verijcation 
To apply the calibration equation (16), numerical 

values of the constants k, and j? must be evaluated. A 
value of k, can be obtained from an experiment in 
which the developer is thoroughly mixed such that 
k, -+ co and equation (16) reduces to equation (lob). 
To determine /?, experiments must be carried out in a 
flow field where the mass transfer coefficient is known 
from theory. In this work, we employed a rotating disk 
over which the mass transfer coefficient is constant at 
a value given by [8] 

k = 0 621D#3v-“6w’!2. c . (18) 

Employing 10m6 m* s-’ for v, and estimating DH as 
8.3 x lo-” m2 SK’ by applying the Wilke-Changequa- 
tion to hydroquinone ion in water [9], equations (16) 
and (18) can be combined such that 

(l-OD’) = exp[-k,(Xr) 

+(1.82x lO’)fi(OD’/w”“)]. (19) 

This equation expresses the relationship between the 
dependent variable, OD’, and the independent vari- 
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ables, Xt and w, that are measured in the spinning 
disk experiment. 

A convenient system for verifying the calibration 
equation is the concentration entrance region of a tube 
in which liquid flow is fully-developed and laminar. In 
that case, the local mass transfer coefficient is axi- 
symmetric but varies with axial distance downstream 
from the leading edge of the film, unlike the spinning 
disk experiment where k, is spatially uniform over 
the surface of the film. At short axial distances, the 
concentration boundary layer is so thin relative to the 
momentum boundary layer that the velocity profile of 
the liquid can be linearized, and the local mass transfer 
coefficient can be formulated by analogy with the well- 
known Graetz-Nusselt equation of convective heat 
transfer [lo]. That is, 

k, = 2.20(uD;/R~)"~ 

when z < 0.2(uR2/D,,). 

(20) 

METHODS AND MATERIALS 

Fine grain black and white film with a speed of 100 
ASA (Plus-X, Kodak) was used in all experiments. 
The unexposed film was stored in a light-tight box. 
To ensure complete exposure of the emulsion under 
standardized conditions, the film was removed from 
the box and held 15 cm from a 100 W incandescent 
bulb for 20 min just prior to an experiment. The film 
was then mounted in the test system and contacted 
for a known period of time with developer solution 
that was diluted from a stock solution prepared 
according to the manufacturer’s instructions (D-76, 
Kodak). After removing the tilm from the test system, 
the film was rinsed for 30 s (Kodak Stop Bath), fixed 
for 5 min (Kodak Fixer), rinsed in water for at least 
1 h, and submerged in surfactant solution (Photo- 
flo, Kodak) for 1 min to prevent watermarks during 
drying. 

The opacity of the resulting photographic negatives 
was quantified by reading OD with a gel chro- 
matogram scanner (Model 620, Bio-rad). A minimum 
of three scans were made over each piece of film, and 
edge effects were minimized by excluding the outer 
10% of the film surface from the determination of a 
mean OD. In order to normalize optical density 
values, OD, and OD, values were determined for each 
new batch of diluted developer and each new film 
lot. The value of OD, was obtained by immersing an 
exposed piece of film directly in fixer without any 
development. To obtain OD,, a piece of exposed film 
was immersed in developer solution for 2 days to 
ensure that all the silver bromide crystals were reduced 
to silver. A typical value of OD, was 0.24 and of OD, 
was 2.70. 

The reaction kinetics of the emulsion were deter- 
mined by measuring OD changes in well-agitated 
developer solutions. As previously described by Das- 
gupta et al. 151, 3.5 x 1.0 cm strips of film were taped 

to the sides of a beaker containing 1 1 of developer 
solution that was stirred by a high speed impeller. 
Different film strips were developed for alternative 
times from 1.25 to 150 min in solutions that were 
diluted l/S, l/l0 and l/40 relative to the developer 
stock solution. 

Evaluation of the calibration equation was per- 
formed by employing a spinning disk experiment. A 
4.8 cm film disk was dipped in water and placed on 
the underside of a 4.8 cm diameter stainless steel disk- 
type spindle mounted in the chuck of rotational vis- 
cometer (Model DV-II, Brookfield Instruments). The 
spindle was then lowered into a beaker containing 
developer solution. Interfacial tension alone was 
sufficient to hold the disc in place even after the spindle 
was rotated. Experiments were performed at: 
rotational speeds of 5, 10,20, 50 and 100 rpm; devel- 
opment times from 2.5 to 100 min; and developer 
dilutions of l/5, l/l0 and l/40. The beaker was 
immersed in a water bath such that the developer 
solution was thermostated at 25°C. Experiments with 
the disk submerged 2 cm below the liquid level in a l- 
1 beaker were duplicated by two different operators. 
A third set of experiments, with an extension arm 
added to the spindle so that the disk could be sub- 
merged 8 cm below the liquid level in a 4-l beaker, 
was performed by a third operator. 

To further verify the calibration equation, the 
photographic method was applied inside of a straight 
tube containing developer solution in laminar flow. 
The apparatus consisted of an elevated tank con- 
taining 14 1 of diluted developer that flowed via sili- 
cone tubing, first through a rotameter and then 
through vertical glass tube that emptied into a col- 
lection basin. The glass tube had an inner diameter of 
0.007 m and a length of 0.3 m. Developer flow was 
controlled by a screw clamp located downstream of 
the glass tube, and a constant liquid head was ensured 
by pumping developer from the collection basin back 
into the elevated tank. The first 0.24 m of the glass 
tube served as a velocity calming section, and a 2 x 6 
cm piece of film was inserted into the downstream end 
of the tube such that it was flush against the inner 
tube wall. To help it conform to the curvature of the 
wall, the film was prewound for 24 h on a 0.006 m 
diameter glass rod before insertion into the tube. Once 
inside the tube, the exposed film strip was subjected 
to a constant 3.8 x 10e6 m3 s-’ Aow of developer at a 
dilution of l/20 for 20 min such that Xt was 1 min. 
This experiment was replicated four times. 

ANALYSIS OF RESULTS 

Optical density changes of film in a relatively large 
volume of developing solution that is well-mixed by a 
high-speed impeller are due exclusively to chemical 
reaction kinetics within the emulsion. As the OD' data 
were uniquely related to Xt (Fig. l), we conclude 
that our kinetic data is first-order with respect to the 
dilution of a controlling reagent (probably the hydro- 
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Fig. 1. The kinetics of film development. Optical density of 
strips of Plus-X 120-format roll film was measured by oper- 
ator PG in a l-l volume of well-mixed developer diluted from 
D-76 stock solution. Since the data (open points) obtained 
over an eight-fold range of dilutions correlate with the 
dilution-time product, the kinetics are first-order in the con- 
centration of developer. Alternative least-square regressions 
of these data to the autocatalytic model I, equation (lOa) 
(interrupted curve), and the noncatalytic model II, equation 
(lob) (solid curve), had similar summed square errors of 
0.0424 and 0.0556, respectively. Therefore, the selection 
between these two models was based on the estimated par- 

ameter values (see text). 

quinone anion) in the developer solution. To examine 
the importance of silver atoms in catalyzing devel- 
opment, OD’ data were alternatively regressed to the 
autocatalytic reaction model 1, equation (lOa), and 
the noncatalytic reaction model II, equation (lob). 
The regressions were performed with a least-square 
analysis (NLIN, SAS Institute), and the estimated 
(parameter) +- (standard error) were k, = 0.0193 _+ 
0.0010 s-’ for model II and were k: = 0.0282_+ 
0.0048 s-’ and CseO/Cs,, = 0.802_+0.564 for model I. 
Judging from the standard errors, the value of the rate 
constant of model II is more precise than that of model 
I. Moreover, because the latent image consists of very 
few silver atoms, while the initial concentration of 
silver bromide is relatively high, Cseo/Cso should be 
much greater than the value estimated from model I. 
We conclude that equation (lob) more realistically 
portrays the kinetic data than does equation (lOa). 

Optical density data from spinning film disks indi- 
cated that there were no systematic differences 
between measurements performed by different oper- 
ators, or between experiments with the disk sub- 
merged in alternative l-l and a 4-l volumes of devel- 
oper (Fig. 2). While the OD’ vs Xt data generally 
shifted upward as rotational speed of the disk 
increased (Fig. 3), the upward shift between 50 and 
100 rpm was relatively minor (data not shown). This 
implies that convective-diffusion was so rapid that the 
100 rpm data were controlled by the reaction kinetics 
within the emulsion. Therefore, the 100 rpm data were 
regressed to equation (lob), and the resulting 
k, + (standard error) estimates were 0.0182 f 0.0015, 
0.0183+0.0022 and 0.0175+0.0013 s-’ for the three 

different operators. All of these k, values obtained 
from pieces of 8 x IO-inch Plus-X sheet film used in 
the spinning disk experiments are within the 95% 
confidence interval of 0.0213 > k, > 0.0173 s-l 
obtained from pieces of 120-format Plus-X roll film 
used in the high-speed impeller experiments. 

At rotational speeds below 100 rpm, where diffusion 
limitations existed, the averaged OD data collected by 
the three operators were analyzed by using a least- 
square regression to equation (19). The value of k, was 
fixed at 0.0180 s-’ and B was treated as an adjustable 
parameter. The resulting regression fits the data quite 
well at all rotational speeds except 50 rpm, where the 
measurements were somewhat underpredicted (Fig. 
3). The estimate of ,!j’ from this analysis was 
(6.99f0.15) x lO-‘j m SK’. 

Optical densities in the straight tube experiments 
were determined at six axial measurement positions 
from the leading edge of the film (Table 1). The cor- 
responding OD’ averaged for four replicated exper- 
iments were converted to “observed” kc by using the 
calibration equation (16) with the k, and p values 
estimated from the spinning disk experiments. A cor- 
responding set of “predicted” kc values were also 
obtained by applying equation (20) to all the measure- 
ment points. At the last four measurement points, the 
ratio between the observed and predicted kc values 
was in a narrow range of 0.128-0.132, indicating a 
large but consistent error in the calibration method. 

DISCUSSION 

When the photographic method was first described 
[5], mass uptake images were characterized by spatial 
variations in optical density. The purpose of the pre- 
sent work was to put the photographic method on a 
more quantitative basis by formulating an equation 
that converts optical density measurements into liquid 
phase mass transfer coefficients. The resulting cali- 
bration relationship, equation (16), contains two par- 
ameters, p and k, that depend on a combination of 
emulsion and developer chemistry. 

A classical spirrning disk experiment was used to 
evaluate the calibration equation. In selecting the 
range ofrotation speeds, two conditions were required 
to satisfy the d&&on theory, equation (18), to which 
measurements were compared. First, the rotational 
speed had to be sufficiently fast to minimize the 
importance of radial diffusion. This is why a minimum 
speed of 5 rpm was used, even though lower speeds 
were available on the rotational viscometer. Second, 
the speed had to be slow enough to avoid flow non- 
idealities such as secondary circulation patterns and 
turbulent vortices. At the top speed of the viscometer, 
100 rpm, the rate of film development was reaction- 
limited so that the nature of the flow was immaterial. 
At 50 rpm, OD’ data were somewhat underpredicted 
by the regressed calibration curve (Fig. 3). This may 
be due to flow nonidealities that augmented mass 
transfer. In contrast, the regressed calibration curves 
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Fig. 2. Spinning disk calibration data. Experiments at a l/l0 dilution of D-76 developer stock solution 
were replicated using 4.8 cm disks cut from the same box of Plus-X 8 x IO-inch sheet film by three different 
operators, PG, SA and JK. Each panel shows the results at a fixed rotational speed of the disk between 5 
and 50 rpm. Since the data obtained by PG and SA in a l-l beaker of developer are the same as the data 

obtained by JK in a 4-l beaker, it can be concluded that boundary effects were unimportant. 

fit the data quite well at the lower disk speeds of 5, 10 
and 20 rpm. 

To verify the calibration, a second independent 
experiment was conducted in which local k, values 
were measured for a developing concentration bound- 
ary layer in the entrance region of a tube. Again, 
two opposing conditions had to be satisfied by the 
developer flow to ensure consistency with the mass 
transfer theory, equation (20). First, the flow had to 
be sufficiently fast that the concentration boundary 
layer thickness was only a fraction of the momentum 
boundary layer thickness. For our experiment, where 
the furthest downstream point was 0.045 m from the 
leading edge of the film, the inequality condition fol- 
lowing equation (20) indicates that the flow must be 
greater than lo-’ m3 s-‘. Second, the flow had to 
produce a fully-developed laminar velocity profile at 
the leading edge of the Chn. Given that there was a 
0.24 m long velocity calming section upstream of the 
film, the maximum acceptable flow was 10e5 m3 SC’ 
[9]. Therefore, the flow of 3.8 x low6 m3 s-’ used in 
the straight tube experiment was within the required 
upper and lower limits. 

There was a large but consistent discrepancy 
between the k, that were observed and predicted in 
the straight tube experiments. Although there is con- 

siderable uncertainty in the Dn value used in these 
computations, the aqueous diffusion coefficient of 
hydroquinone affects the determination of j? and the 
predicted values of k, in exactly the same manner (i.e. 
both are proportional to I#‘). Therefore, DH does 
contribute to the inequality of the observed and pre- 
dicted kc vahres. Another reason for this discrepancy 
might be an inherent difference in fl between the spin- 
ning disk and straight tube experiments. 

Since j? is defined as k,,n(OD, - OD,)jcd, its value 
should depend solely on the properties of the film 
emulsion and its interaction with the developer. The 
same D-76 developer and Plus-X emulsion was used 
in the spinning disk and the straight tube experiments, 
but the film formats were different. An 8 x lo-inch 
sheet tilm was selected for the former experiment 
because pieces of this film were sufficiently flat and 
rigid to conform to the planar surface of the disk, and 
a 120-format roll film was used in the latter exper- 
iments because its inherent curvature and flexibility 
allowed it to conform to the cylindrical surface inside 
the tube. It is possible, but not likely, that different 
values of B were associated with these two film 
formats. 

Fortunately, the use of /I can be circumvented by 
expressing the mass transfer coefficient at each point 
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Fig. 3. Regression of spinning disk calibration date. Each data point represents the average value of optical 
density obtained in three replications of the experiment. The s&l curves represent the no&near least 
square regression of equation (16) to the data with a fixed k, value of 0.0180 SK’, resulting in an estimated 

B value of 6.99 x lo-” m s-‘. 

on a photographic image as a fraction of the value at measurements in mechanically-agitated beakers. To 
some reference point. In that case, equation (16) can demonstrate the use of equation (21), the data from 
be reformulated in terms of the normalized mass the straight tube experiment were converted to kc/ 
transfer coefficient (kc)& by taking the optical density at z = 0.035 m as a 

reference. Accordingto equation-(20), the normalized 
coefficient should behave according to the equation 

[k,(Xt)+logJl -OD’)]. (21) 

This equation only depends on the calibration par- As Fig. 4 indicates, the data do closely follow this 
ameter k, that can be determined by straightforward prediction. 

Table 1. Mass transfer in the near-entrance region of a straight tube at a fully-developed 
laminar flow 

Axial Optical Mass transfer coefficient .k, [1O-5 m s-‘1 
distance density 

2 [lo-* m] OD’tSE Observed? Predicted$ Ratio 

0.0 0.531~0.014 1.150 
1.0 0407~0.008 0.510 2% 0.188 
1.5 0.309+ 0.009 0.304 2.38 0.128 
2.5 0.275k 0.008 0.253 2.01 0.126 
3.5 0.258 f 0.008 0.231 1.79 0.129 
4.5 0.248~0.005 0.218 1.65 0.132 

tComputed from equation (16) with fi = 6.99 x 10m6 m s-l, kr = 0.0180 s-’ and 
xr = 60 s. 

fComputed from equation (20) with Du = 8.20 x IO-” m2 s-‘, u = 0.0987 m s-’ and 
R = 0.0035 m. 
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Fig. 4. Axial distribution of the normalized mass transfer 
coefficient inside a straight tube. The normalized mass trans- 
fer coefficient on the ordinate was computed with equation 
(21) using a k, value of 0.0180 SC’ and a reference optical 
density at z,.r = 0.035 m. Developer dilution was l/20, devel- 
opment time was 20 min, and developer solution flowed at 
3.8x 10m6 m’ SC’. Each data point represents one exper- 
imental trial and the solid curve is the theoretical prediction 

given by equation (22). 

To illustrate how the non-linear nature of equation 
(21) affects the interpretation of a complex mass trans- 
fer patterns, consider the UD’ data that were pre- 
viously measured on the floor of a rectangular flow 
channel downstream of a backward-facing step [5]. 
At the largest developer Reynolds number of 13 000, 
four landmarks are evident in the optical density data 
(Fig. 5 ; middle panel) : a sharp peak [A] cor- 
responding to a corner eddy is located immediately 
downstream of the step ; a sharp trough [B] cor- 
responding to a large circulating stall is adjacent to 
the corner eddy ; a broad-peak [c] corresponds to the 
region where flow around the stall reattaches to the 
channel floor and a level value of OD’ far downstream 
of the step [D] implies that the developing boundary 
layer has reached a constant thickness. Employing 
this downstream OD’ value as a reference, the cor- 
responding distribution of kJ(k,),r indicates that mass 
transfer in the corner eddy and in the circulating stall 
is far less important than in the boundary layer re- 
attachment region, where there is a five-fold peak in kc 
above its reference value (Fig 5 ; lower panel). Also, 
the reattachment peak [C] is narrowed by the appli- 
cation of calibration formula, indicating that the reat- 
tachment region as defined by k, is smaller than is 
perceived from the OD’ data. 

The range of applicability of the photographic 
method can be explored by performing a sensitivity 
analysis of the calibration equation, equation (16). We 
define sensitivity as the ratio of a differential change in 
optical density, d(OD’), to a differential fractional 
change in mass transfer coefficient, d(kJ/k,. Taking 
the derivative of equation (16) with respect to k, indi- 
cates that the sensitivity, k,d(OD’)/d(k,), can be rep- 
resented as a family of curves of fixed k,Xt but varying 
kc/p (Fig. 6). Along each curve, sensitivity increases 
rapidly with kc/j3 and, after reaching a maximum 

value, sensitivity gradually decreases. The larger is 
k,Xt, the larger is the maximum sensitivity but the 
narrower is the curve. In other words, when selecting 
experimental Xt conditions, there is a trade-off 
between the sensitivity and measurement range of the 
photographic method. 

For example, suppose that the maximum tolerable 
error in kc is 10% (i.e. d(k,)/kc = 0.1) and, as sug- 
gested by the standard errors in Table 1, the resolution 
of OD’ is 0.01 (i.e. d(OD’) = 0.01). In that case, 
the minimum sensitivity would be fixed at 
(O.OljO.1) = 0.10. Of all the curves in Fig. 6, the 
k,Xt = 1 curve would result in the broadest range of 
1.7 > kc/P > 0.2 over which the sensitivity is always 
equal to or greater than 0.1. For those curves where 
k,Xt is above 1 .O, a greater maximum sensitivity could 
be achieved, but at the expense of a narrower range 
of kc/P; for those curves where k,Xt is below 1.0, a 
sensitivity of 0.1 cannot be achieved. In the current 

0.6 
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M I 

Fig. 5. Axial variations in mass uptake on the floor of an 
open rectangular channel downstream of a backward facing 
step. Upper panel: schematic representation of streamline 
patterns. Mike panel : OD measured downstream of 0.0095 
m high step using Plus-X sheet film and D-76 developer at a 
dilution-timepr&xtct of 0.6; Lower panel : normalized mass 

transfer coefticients obtained with equation (21). 
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Fig. 6. Sensitivity of the OD’-k, calibration equation. The 
derivative of equation (16) is presented as the solid curves. 
The horizontal interrupted line represents a minimum sen- 
sitivity of 0.1 corresponding to a 0.01 change in optical 
density change per 10% change in the mass transfer 
coefficient. The intersection of this line with any of the solid 
curves indicates the range over which kc/j-l can be measured 
with this minimum sensitivity. The broadest range, 

1.7 > k,/b > 0.2, occurs when k,Xt = 1. 

study, k, = 0.0180 s-’ so the optimum k&t = 1 cor- 
responds to a dilution-time product of about 1 min. 

CONCl.USlONS 

A photographic method that uses Plus-X film and 
D-76 developer can be calibrated with a nonlinear 
equation that converts optical density to a normalized 
mass transfer coefficient, and this equation contains 
only one system parameter, k,. Since k, is proportional 
to the reaction rate in the emulsion, it can be con- 
veniently evaluated in an agitated container where 
mass transfer limitations have been minimized. Devel- 
opment of a spinning disk of exposed film indicated 
that the calibration equation accurately accounts for 
changes in mass transfer due to fluid convection (i.e. 
changes in the rotational speed of the disk). Moreover, 

development of an exposed film strip in the entrance 
region of a straight tube indicated that the calibration 
equation accurately accounts for spatial changes in 
mass transfer rate. For a given sensitivity of the optical 
density to the mass transfer coefficient, there is an 
optimum choice of the Xt product ensuring that k, 
can be adequately resolved over the broadest possible 
range. Typically, OD' should change by at least 0.01 
if we wish to measure the value of k, within 10%. In 
that case, the optimum value of Xt is approximately 
1 .O min. 
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