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ABSTRACT 
 

We present a new way of taking in account the dynamics of the gas phase during decompression. 
This preliminary study, although being potentially capable of dealing with extreme dives, far from 
the no-stop limit, is not developed as a practical tool yet. It is based on the analysis of certain 
hypotheses underlying classical models using Maximal Values (M-Values). We derive a reduced 
set of ordinary differential equations, depending only on three empirical parameters. After having 
explained how the theory is built, we propose some values of the parameters that match the known 
surface M-Values well. Then we examine, for a single compartment, the theoretical predictions in 
the case of an abnormal situation (missing decompression stops) and in the case of dives with 
mixes containing helium (trimix and heliox). The results are more realistic than those of neo-
Haldanian models. This new theory is capable of explaining why decompression accidents cannot 
occur immediately and why they can be delayed. The efficiency of oxygen breathing in such a 
situation is also well explained. More generally, the tolerance to inert gases depends on the 
breathed mix. In the present state, this theory, which is different from the Reduced Gradient Bubble 
Model (RGBM) and Variable Permeability Model (VPM), has an explanatory power that goes 
beyond the simple computation of decompression stops. Once developed as a full model, validated 
and definitively tuned, it could lead to a probabilistic approach of the safety, which is required by the 
extreme dives performed when exploring certain syphons.  
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1. INTRODUCTION 
 
The most used decompression models, through 
tables, softwares or diving computers, are based 
on Neo-Haldanian theories [1], deriving from 
Haldane's original work [2]. Because they are 
based upon unsupported assumptions, 
alternative models using more physical principles 
have been developed. The Variable Permeability 
Model (VPM) [3], as well as the Reduced 
Gradient Bubble Model (RGBM) [4], take into 
account the dynamics of the gas phase. As neo-
Haldanian models do not so, they can apply only 
to the simple enough situations from which they 
have been tuned, mostly dives that do not 
include too many decompression stops and that 
have simple profiles [5]. They cannot be 
regarded as reliable for intricate dives, for 
instance those encountered during cave diving 
where several syphons of variable depth have to 
be passed, often in remote places and far from 
any recompression chamber. However, VPM and 
RGBM themselves rely on particular 
assumptions that could be discussed: In VPM, 
bubbles are supposed to be spherical. Well-
known in-vitro models of bubble nucleation are 
extrapolated to in-vivo situations [3,4,6]. Many 
models establish a duality between “safe” or 
“unsafe” desaturation situations, whereas the 
occurrence of decompression sickness is a 
probabilistic phenomenon as evoked for example 
in [7]. 
 
This is why we developed an alternative theory, 
also capable of taking in account the dynamics of 
the gas phase (bubbles) in normal or abnormal 
situations. On the contrary of RGBM and VPM, 
we put the emphasis on dimensional analysis 
and dimensional reduction rather than on very 
detailed physical processes. The result is a 
theory that depends only upon three parameters, 
that have to be adjusted to match already known 
data. This small number of parameters, their 
generality and simplicity, make the uniqueness of 
the study. It derives from the analysis of internal 
correlations and discrepancies inherent to 
several neo-Haldanian models [4,8]. This 
includes Workman's studies (USA) [9], the 
models of Bühlmann (Switzerland) [10] such as 
ZHL-16, and the model corresponding to the 
French military tables (MN90) [11]. The French 
commercial tables (MT92) are probably close to 
Haldanian models, although taking in account 
more precisely the influence of circulating 
bubbles [12]. Unfortunately, precise data and 

complete calculations are not available. 
Therefore the MT92 are not included in the 
present study.  
 
Neo-Haldanian models implicitly take into 
account the formation of gas phase during the 
decompression. At a given ambient pressure 
(given depth), if the tension (partial pressure) of 
inert gas dissolved during the dive in a given 
compartment is too important and exceeds a 
maximal value ("M-Value" [13]), then it is 
assumed that pathological bubbles form. Our 
theory keeps this idea but does neither assume 
that bubbles form instantaneously nor that the 
existence of bubbles has no influence upon the 
desaturation process. The fact that the largest M-
Values correspond to the quickest compartments 
must draw attention. Explaining this fact is one of 
the key features of our work and contributes to its 
uniqueness. We translate quantitatively the 
following qualitative reasoning: the shorter the 
period of a compartment is, the faster the tension 
of inert gases will decrease; the quicker the 
tensions of inert gases decrease, the more 
difficult it is for bubbles to grow inside the 
compartment. If bubbles large enough trigger 
decompression sickness, then the relevant 
parameter is the critical extension of the gas 
phase (size of the bubbles): The empirical 
knowledge of all the M-Values is superseded by 
the knowledge of two parameters characterising 
critical bubbles: their size and their characteristic 
formation time (corresponding to an “inner 
halftime”). 
 
The M-Values of different neo-Haldanian models 
varies in an affine way according to the depth. 
This can be explained by the fact that the 
pressure inside the gas phase is different, 
slightly higher than the external pressure 
(ambient pressure). However, this pressure 
gradient varies from compartment to 
compartment, and from model to model. The M-
Values for helium differ from their counterpart for 
nitrogen: as helium is less soluble than nitrogen 
and diffuses more quickly, there should be 
particular relationships between both M-Values. 
Again, there are differences from model to 
model, and from compartment to compartment. 
These two discrepancies suggest that this kind of 
static modelling is not sufficient: the pressure 
gradient of the gas phase and the specificities of 
helium transportation must be more completely 
taken into account. This is another key feature of 
our work. We take into account the pressure 
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gradient as a third parameter and consider all the 
possibilities regarding helium transportation 
(diffusion, perfusion, intermediate situations). 
 

2. MATERIALS AND METHODS 
 

2.1 Quantitative Analysis of Different 
Neo-Haldanian Models – Pressure 
Gradient and Critical Volume 

 
Whatever their precise location and shape, if 
bubbles appear in a compartment their inner 
pressure isn't strictly equal to the ambient 
pressure Pamb . Taking in accounts the effects of 
the superficial tension, the value of the inner 
pressure is Pamb+δP. 
 
If PN2; PHe stand for the tensions of nitrogen and 
helium in a given compartment of volume Vcomp, if 
αN2; αHe stands for the solubilities of nitrogen and 
helium (mol per unit of volume and bar), the 
quantities of matter (mol) in that compartment, 
according to Henry's law, are: 
 
NN2 = αN2 PN2 Vcomp                                           (1) 

 
NHe = αHe PHe Vcomp                                           (2)  

 
If the ambient pressure decreases suddenly, the 
quantities of matter are conserved and neo-
Haldanian models assume that bubbles of total 
volume Vb, whose content is in equilibrium with 
the rest of the compartment, form immediately. 
Neglecting the water and carbon dioxide 
tensions, we obtain: 
 

αN2 PN2 Vcomp = η (Pamb+δP)(αN2 Vcomp  + Vb /RT)                                                                           
(3) 

 
αHe PHe Vcomp = (1-η) (Pamb+δP)(αHe Vcomp  + Vb 

/RT)                                                         (4) 
 
η is the molar fraction of nitrogen in the bubbles, 
T the temperature and R the ideal gas constant. 
 
In the case of absence of helium (diving with air 
or nitrogen-oxygen mixes called 'nitrox') where 
η= 1.0, this leads to a very simple relationship: 
 

PN2 = (Pamb+δP)(1+  Vb / (RTαN2Vcomp)) 
 
If the border between 'decompression problems' 
and 'no decompression problems' corresponds to 
a certain critical volume Vb =Vc of the gas phase, 
then the maximal value of PN2 is: 
 
(Pamb+δP)(1+  Vc / (RTαN2Vcomp))                     (5) 

This corresponds exactly to affine relationship 
initially proposed by Workman and reinvestigated 
by other authors including Bühlmann. 
 
The notations used by Bühlmann and Workmann 
are slightly different and can be confusing [13]. If 
M0 stands for the value of M when Pamb = 
'Atmospheric pressure at the sea level' = 1 atm 
=P0, then the current value M can be written: 
 

M(Pamb) = M0(Pamb+δP)/(P0+δP) =  M0 + 
M0(Pamb-P0)/(P0+δP)  

 

M(Pamb) = M0 + M0(Pamb-P0)/(P0+δP) = M0 + 
M0/(P0+δP) X 'relative pressure' 

 

M(Pamb) = M0+ΔM X 'relative pressure' 
 

Knowing the way M varies with the relative 
pressure (linked to the depth) enables the 
access to δP by: 
 

+δP = M0/ΔM - P0                                           (6) 
 
Fig. 1 shows that different models propose 
surface M-Values (M0) that are almost identical. 
This is not surprising, even if the populations 
(civilian or military) and the dives (recreational, 
military or commercial) are slightly different, the 
criteria for safely coming back to the surface 
should be close. The results of Fig. 2 are more 
surprising, for the associated δP (computed with 
Eq. 6) are very different.  This means that the 
criteria for safely coming back to a given 
decompression stop below the surface strongly 
differ according to the model. Also, as each 
compartment doesn't correspond to a precise 
part, a precise organ, of the human body, one 
would expect a uniform value of δP within each 
model, which is not the case. The values 
proposed by Bühlmann (according to a 
mathematical formula) continuously decrease as 
the halftime of the compartment increases, 
whereas the values proposed by Workman 
decrease and then increase. Both models 
propose higher pressure gradients for the faster 
compartments and lower δP for the slower 
compartments. This is perhaps because the most 
disabling decompression accidents (type II) are 
linked to compartments having a rather short 
halftime: regarding decompression engineering, 
with a given value of M0, the lower δP is, the 
slower the M-Value increases with the depth and 
the safer the decompression is. Whatsoever, this 
reveals a certain degree of incertitude. Keeping 
in mind that δP = 0 for the MN90, it appears that 
the pressure gradient is not a very well 
understood quantity. 
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Fig. 1. Nitrogen M-Values of several models 
Pressure unit: meter of sea-water (msw) 

 

 
 

Fig. 2. Nitrogen pressure gradient of several models 
Pressure unit: meter of sea-water (msw) 

 
In the case of helium (diving with a helium-
oxygen mix: heliox), the same analysis leads to 
different maximal values of PHe: 
 

(Pamb+δP)(1+  Vc / (RTαHeVcomp))                (7) 
 

If M0' stands for the value of when Pamb = 
'Atmospheric pressure at the sea level' = 1 atm 
=P0  then the current value M' can be re-written: 
 

M'(Pamb) = M0'(Pamb+δP)/(P0+δP) = M(Pamb) = 
M0+ΔM X 'relative pressure'                      (8) 
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The pressure gradient is now: 
 
+δP = M0'/ΔM' - P0                                           (9) 
  
Not all the models deal with helium, but Fig. 3 
shows that there is few difference between the 
M0' values proposed by Workman and those 
proposed by Bühlmann. Again, this is not 
surprising, even with populations and dives 
slightly different, the criteria for safely coming 
back to the surface should be close. More 

surprisingly, and in the same way of Fig. 2, Fig. 4 
shows a more important dispersion of δP. Fig. 5 
show the total incoherence of this quantity. At 
least within the frame of a given model one 
should expect the same value of δP for a given 
compartment regardless of the nature of the gas. 
Helium, as well as nitrogen, have no particular 
surface properties; on the contrary of M0 or M0', 
linked to the solubilities, δP is only a mechanical 
quantity. 

 
Fig. 3. Helium M-Values of two models 

Pressure unit: meter of sea-water (msw) 

 
Fig. 4. Helium pressure gradient of two models 

Pressure unit: meter of sea-water (msw) 
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Fig. 5. Discrepancy regarding the pressure gradient 
Pressure unit: meter of sea-water (msw) 

 

2.2 The Case of Mixes of Helium and 
Nitrogen – Solubilities 

 
During a dive with a mix containing helium and 
nitrogen (trimix), Eq. 3 and Eq. 4 lead to the 
following safety criterion: 
 

PN2 / MN2 + PHe / MHe ≤ 1.0  

 
MN2 corresponds to Eq. 5 and MHe to Eq. 7 
 

This very simple criterion is not the one retained 
in Bühlmann's modelling [13]: The sum of the 
tensions (partial pressures) of helium and 
nitrogen is compared to an averaged M-value. 
As the solubilities of helium and nitrogen are 
different, this kind of calculation has no physical 
basis. In addition, the comparison between Eq. 5 
and Eq. 7 should lead to: 
 

((MN2)/(Pamb+δP)-1)/((MHe/(Pamb+δP)-1)= αHe/αN2                                                       
(10) 

 

One could expect that has αHe/αN2 a constant 
value, because of the reasons above used to 
discuss Fig. 2. At 20°C, 1 l of water can dissolve 
0.0089 l of helium or 0.016 l of nitrogen [14]. 
Even if the ratio slightly changes according to the 
temperature, and if the human body is not pure 
water, the quantity αHe/αN2 should be close to 
0.56. 
 

However, Fig. 6 shows very different values. The 
values proposed by Workman are more 

dispersed, but even the values proposed by 
Bühlmann are not constant and can differ from 
0.56. 
 
One can point out the fact that Workman 
modeling assumes compartments limited only by 
perfusion (the helium period is the same as the 
nitrogen period) whereas Bühlmann modeling 
assumes compartments limited only by diffusion 
(the helium period is shorter than the nitrogen 
period, with a ratio close to 2.64. Fig. 6 
represents αHe/αN2 versus helium halftime. 
 

2.3 Design of a Dynamical Theory 
 
2.3.1 Specifications and concept 
 
All the discrepancies revealed above have led us 
to build a theory that: 
 
First, is compatible with the known values of 
gives values of M0 and M0'; 
 
Second, uses the lowest possible number of 
empirical parameters uses physical quantities 
(such as a critical volume) common to all the 
compartments; 
 
Third, is coherent with the known variations of 
the M-Values according to depth; 
 
Fourth, takes into account the fact a 
compartment is not limited only by the diffusion 
or only by the perfusion. A compartment having a 
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given period for nitrogen (most common diluent 
gas) corresponds in fact to several 
compartments having different periods for 
helium. The assumptions made by Workman or 
Bühlmann are only limited cases as pointed out 
above. 
 
We take into account the formation of gas phase 
inside each compartment once the tensions of 
inert gases are important enough, during 
desaturation. The compartment saturates 
according to exponential laws like neo-Haldanian 
models (Fig. 7A). However, the gas phase, when 
it exists, changes the boundary conditions 
regarding the transportation inside a given 
compartment (mainly by diffusion, Fig. 7B  & Fig. 
7C). This why the desaturation process is no 
longer symmetrical of the saturation process. As 
long as some gas phase exists inside a 
compartment, the dissolved inert gases will partly 
move outside the compartment and partly move 
towards this inner gas phase: that phase of 
desaturation takes place at a slower pace than 
saturation. 
 

This is a dynamical process. As the quantity of 
inert gas dissolved inside a compartment 
decreases during the desaturation, the difference 
of tensions between the dissolved inert gases 
and the content of the inner gas phase will be 
first positive (the volume of the gas phase grows) 
than negative (the volume of the gas phase 
diminishes, then vanishes). All other quantities 
being fixed, the maximal extension of the inner 

gas phase increases with the halftime. This is 
why the tolerance to inert gases is expected to 
decrease with the halftime, like Fig. 1 and Fig. 3. 
Without taking into account a strictly positive 
pressure gradient, the gas phase would grow as 
soon as the tension of inert gas equals the 
ambient pressure, which is not totally realistic. 
 
2.3.2 Equations 
 
Without gas phase, we propose the same 
dynamics than any other Haldanian model:  
 
d(αN2 PN2 Vcomp)/dt = KN2(XN2Pamb – PN2)          (11) 
 
d(αHe PHe Vcomp)/dt = KHe(XHePamb – Phe)           (12) 
 
KN2 and KHe are the kinetic constants of the first 
order law expressing the exchange of inert 
gases, regardless of the precise mechanism 
(perfusion or diffusion). XN2 and XHe are the 
fractions of inert gases in the breathed mix. 
 
With gas phase, we propose to take in account 
the exchange of inert gases between the 
compartment itself and its inner gas phase as 
follows: 
 

d(αN2 PN2 Vcomp)/dt = KN2(XN2Pamb – PN2) + K'(η 
(Pamb+δP) – PN2)                                       (13) 

 
d(αHe PHe Vcomp)/dt = KHe(XHePamb – Phe) + K''((1-

η) (Pamb+δP) – PHe)                                   (14) 

 

 
 

Fig. 6. Discrepancy regarding helium solubility 
Abscissa: nitrogen halftime. Using the helium halftime would let Workman values untouched and shrink the 

abscissa of Bühlmann values 
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Fig. 7. Taking into account the gas phase during desaturationGreen line: quantity of inert gas 
dissolved inside the compartment during desaturation 

Redline: extension of the gas phase 
Dark line: the total quantity of inert gas inside the compartment during desaturation 

Dashed line: comparison with an exponential law 
A: saturation without gas phase. B: desaturation with growing gas phase. C: desaturation with decreasing gas 

phase 
 
K' and K'' are the kinetic constants traducing the 
exchanges of nitrogen and helium between the 
gas phase and the rest of the compartment by 

diffusion. It is expected that K'' ≈ √28/√4K' ≈ 2.65 

K' because the diffusion coefficients vary 

approximately [15] according to the inverse of 
the square root of the molecular mass (Graham's 
law). 
 

During this diffusion process, the matter that 
appears in the gas phase comes from the rest of 
the compartment. Therefore two other following 
equations appear as conservation laws: 
 

d(η Vb (Pamb+δP)/RT)/dt = – K'(η (Pamb+δP) – 
PN2)                                                           (15) 
 

d((1-η) Vb (Pamb+δP)/RT)/dt = – K''((1-η) 
(Pamb+δP) – Phe)                                       (16) 

 

Eq. 11 to 16 seem very intricate. They depend 
upon a large number of parameters. Indeed, they 
can easily simplify as explained below. When 
there is no gas phase, they can be rewritten as: 
 

d(PN2)/dt = (1/τN2)(XN2Pamb – PN2)             (17) 
 

d(PHe)/dt = (1/τHe)(XHePamb – Phe)              (18) 
 

τN2 and τHe are directly linked to the halftimes. 
When the gas phase exists: 

d(PN2)/dt = (1/τN2)(XN2Pamb – PN2) + (1/τ')(η 
(Pamb+δP) – PN2)                                       (19) 
 
d(PHe)/dt = (1/τHe)(XHePamb – Phe) + (1/τ'')((1-
η) (Pamb+δP) – Phe)                                   (20) 

 
The new quantity τ', having also the dimension of 
a halftime, corresponds to the internal 
exchanges between the gas phase and the rest 

of the compartment. τ''=τ'/2.65=τ'√4/√28 is not a 

new independent quantity. Introducing the 
dimensionless quantities u=Vb/(αN2 RT Vcomp) and 
r=αN2/αHe, the extension of the gas phase is 
governed by: 
 

d(uη(Pamb+δP))/dt = – (1/τ')(η (Pamb+δP) – 
PN2)                                                           (21) 
 
d(ru(1-η)(Pamb+δP))/dt = – (1/τ'')(η (Pamb+δP) 
– PHe)                                                        (22) 

 
The only additional parameter is δP, r being 
derived from tabulated values. 
 

2.4 Computing Aspects: Building of a 
Library (C Language) 

 
We have developed a library based on the C 
language. It can be used to develop programs 
regardless of the precise operating system and 
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processor (Windows or Unix based, computer or 
micro-controller, etc.) Although it is not the aim of 
the present article, “decompression softwares” 
could be built using our library, with the important 
reserve that the corresponding theory is not 
regarded as validated yet. This library is 
available at https://nvdecompression.sourceforge.io 
or can be asked directly to the author. 
 

3. RESULTS AND DISCUSSION 
 

3.1 Explanatory Power – the Case of 
Nitrogen 

 
In the absence of helium, Table 1 shows that our 
theory can be tuned to be in good adequacy with 
already existing tabulated M values. We 
simulated the decompression of the 
compartments with different values of δP and τ' 
and we retained the more adequate maximal 
value of u (uc corresponding to the critical volume 
Vc). A direct result of Eq. 17 to 22 is that, all other 
parameters being constant, the more important 
δP is, the more important the predicted M0 are. 
The less important τ' is, the more important the 
predicted M0 values of the shorter compartments 
are. 
 
δP = 0.2 bar and τ' corresponding to a halftime of 
20' are adequate values, along with uc = 0.17. 
The value of δP is in-between the case of the 
MN90 (δP = 0) and the case of the other tables 
that have been presented above. 
 

With this choice of δP and τ', Fig. 8 compares the 
predicted M0 and the tabulated values of 
Workman. The slight discrepancy of the quickest 
compartments could be explained by the fact that 
the model of Workman is older, based upon 
fewer experimental observations. It may also be 
explained by the fact that, during an ascent at a 
finite speed, the quicker compartments will 
evolve, more than the slower. Fig. 9 compares 
the predicted M0 and the more recent tabulated 
values underlying the MN90 tables. It shows very 
good adequacy. 
 

3.2 Explanation of Some Delayed Effects 
 
Through Eq. 21 and Eq. 22, our theory predicts 
that the gas phase does not appear immediately 
inside a compartment at the beginning of the 
decompressions and that it remains for more or 
less time. Fig. 10 shows how the extension of the 
gas phase evolves when compartments, initially 
saturated in nitrogen with a tension 
corresponding to M0, are brought back to the 
surface. Even for the quickest compartments, 
some gas remains for more than half an hour. 
The gas phase in the slowest compartments can 
remain several hours. All that is in good 
adequacy with practical rules such as “not doing 
efforts after a dive” and gives a quantitative 
justification to the well-known fact that 
desaturation is not symmetrical from saturation 
[16]. 
  

 
 

Fig. 8. Comparison of the best-predicted M-Values with those used by Workman  
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Table 1. Theoretical predictions of M-values 
 

T 
(min) 

20.0 
min 
0.2 b 

20.0 min 
0.3 b 

20.0 min 
0.1 b 

17.5 min 
0.2 b 

17.5 min 
0.3 b 

17.5 
min 
0.1 b 

22.5 min 
0.2 b 

22.5 
min 
0.3 b 

 uc=0.17  uc=0.12  uc=0.22  uc=0.17  uc=0.12  uc=0.22  uc=0.17  uc=0.12  
5 2,798 2,678 2,818 2,658 2,568 2,668 2,928 2,788 
5 2,808 2,688 2,828 2,668 2,578 2,678 2,938 2,798 
7 2,486 2,416 2,476 2,386 2,326 2,366 2,586 2,496 
7 2,496 2,426 2,486 2,396 2,336 2,376 2,596 2,506 
10 2,232 2,202 2,202 2,162 2,142 2,122 2,312 2,272 
10 2,242 2,212 2,212 2,172 2,152 2,132 2,322 2,282 
15 2,02 2,02 1,98 2 1,97 1,92 2,08 2,07 
15 2,03 2,03 1,99 2,01 1,98 1,93 2,09 2,08 
20 1,91 1,92 1,85 1,86 1,89 1,81 1,95 1,96 
20 1,92 1,93 1,86 1,87 1,9 1,82 1,96 1,97 
30 1,787 1,817 1,717 1,747 1,777 1,687 1,817 1,837 
30 1,797 1,827 1,727 1,757 1,787 1,697 1,827 1,847 
40 1,711 1,751 1,651 1,691 1,721 1,621 1,741 1,771 
40 1,721 1,761 1,661 1,701 1,731 1,631 1,751 1,781 
50 1,667 1,707 1,607 1,647 1,687 1,577 1,697 1,727 
50 1,677 1,717 1,617 1,657 1,697 1,587 1,707 1,737 
60 1,641 1,681 1,571 1,621 1,661 1,551 1,661 1,701 
60 1,651 1,691 1,581 1,631 1,671 1,561 1,671 1,711 
80 1,591 1,641 1,521 1,581 1,621 1,511 1,611 1,651 
80 1,601 1,651 1,531 1,591 1,631 1,521 1,621 1,661 
100 1,562 1,612 1,502 1,552 1,602 1,482 1,582 1,632 
100 1,572 1,622 1,512 1,562 1,612 1,492 1,592 1,642 
120 1,544 1,594 1,474 1,534 1,584 1,464 1,564 1,604 
120 1,554 1,604 1,484 1,544 1,594 1,474 1,574 1,614 
160 1,515 1,575 1,455 1,505 1,565 1,435 1,535 1,585 
160 1,525 1,585 1,465 1,515 1,575 1,445 1,545 1,595 
200 1,505 1,555 1,435 1,495 1,545 1,425 1,515 1,565 
200 1,515 1,565 1,445 1,505 1,555 1,435 1,525 1,575 
240 1,485 1,545 1,425 1,485 1,535 1,415 1,495 1,545 
240 1,495 1,555 1,435 1,495 1,545 1,425 1,505 1,555 

For each compartment, lower and upper limit are given for several values of the parameters 
Each column correspond to a pair of parameters (pressure gradient and inner halftime) 

 

 
Fig. 9. Comparison of the best-predicted M-values with those used by the MN90 diving tables  
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Fig. 11 compares the evolution of the nitrogen 
tension, computed according to our theory or 
classical models, for a compartment of halftime 
40 minutes initially saturated and brought back to 
the surface. Slightly larger quantities of nitrogen 
remain for a slightly longer time than predicted 
within the frame of classical models using 
exponential laws instead of Eq. 19 and Eq. 20. 
Fig.12 shows what happens, with air, when a 
compartment of halftime 40 minutes and that has 
spent 20 minutes at a pressure of 7.0 b 
(tantamount to diving at a depth of 60 m) is 
directly brought back to the surface. During this 
simulation, classical models would predict the 
occurrence of decompression accidents when 
the tension is higher than the M0 value, during 
the first 28 minutes after surfacing. Our theory 
predicts, more realistically, that decompression 
accidents cannot occur before an initial period, 
but can also happen more than one hour after 
surfacing. The few minutes after surfacing and 
before possible decompression problems are 
used by several tables to resume the 
decompression either underwater or in a 
decompression chamber. This kind of procedure 
cannot be explained within the frame of classical 
models: they compare only the current tensions 
of inert gases with static tabulated M-Values 
(Yellow horizontal line on Fig. 11). On the 
contrary, our theory links the delayed occurrence 
of symptoms with the gas phase extension. It 
explains why symptoms can occur later, at any 
moment when u > uc. (Green curve on Fig. 11). It 
exists a correlation between the risk level and 

the extension of the gas phase: u=0 corresponds 
to no risk and u=uc corresponds to a high risk. A 
quantitative link between u and the risk level may 
exist, although our theory is not capable to 
establish it yet. u may have more significance 
than the extension of a gas phase in a 
compartment. 
 
Our theory justifies also very well the benefits of 
breathing pure oxygen. With the same scenario 
that Fig. 12, Fig. 13 shows what happens when 
oxygen is breathed after surfacing. The theory, 
as well as classical theories, predicts a faster 
decrease of the nitrogen tensions. However, Eq. 
21 shows also that the predicted extension of the 
gas phase is reduced and that it remains for less 
time. This is a deeper and more quantitative 
explanation of the notion of “oxygen window.” 
The benefits of oxygen therapy without 
recompression are more apparent within the 
frame of this new theory. The main aim of the 
present article is not the engineering of precise 
decompression procedures. This is why we do 
not insist on many other common practices that 
can be justified with the same analysis based on 
“reducing the extension of the gas phase:” using 
pure oxygen at the 6m (20 feet) stop, using 
mixes with a higher proportion of oxygen than air 
(“nitrox”) during the decompression, etc. This is 
also why, in the present state, we do not present 
comparisons between decompression schedules 
issued from our theory and decompression 
schedules issued from tables or models, neo-
Haldanian as well as RGBM and VPM. 

 

 
 

Fig. 10. Evolution of u (extension of the gas phase) during the desaturation 
Each line corresponds to a different compartment or different halftime 
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Fig. 11. Desaturation 
Due to the gas phase, the desaturation is slower and no longer obeys exponential laws 

 

 
 

Fig. 12. Evolution of the gas phase and the tensions of inert gas in a single compartment when 
missing a stop 

The gas phase (green line) do not take its maximal extension immediately after surfacing 
The unit for the tension or M-Values is the bar 

u is dimensionless 
 

3.3 The Case of Helium or Mixes 
 
3.3.1 Adequacy with workman M-values 
 
Retaining δP = 0.2 bar and τ' corresponding to a 
halftime of 20', with uc = 0.17,  Table 2 presents 
the predicted surface M-Values (M0') of our 
theory for compartments that are saturated with 

helium, then brought back to the surface and 
desaturated with air or with normoxic heliox. Fig. 
14 shows the good adequacy between the 
values given by Workman and the values we 
calculated in the case of a compartment limited 
by perfusion (same halftimes for nitrogen and 
helium). 
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Fig. 13. Evolution of the gas phase and the tensions of inert gas in a single compartment when 
missing a stop and breathing pure oxygen after surfacing 

The gas phase (green line) has a reduced extension 
The unit for the tension or M-Values is the bar 

u is dimensionless 

 
3.3.2 Adequacy with Bühlmann M-Values 
 
Bühlmann M-Values use halftimes that are 
different from several other models, including 
ours. However, Fig. 15 shows the rather good 
adequacy with the values predicted by our theory 
in the case of compartments limited by diffusion 

(halftimes for helium lower than halftimes for 
nitrogen). The M-Values of the fastest 
compartments is considerably higher than their 
nitrogen counterpart. It is coherent with the fact 
that helium diffuses faster out of the 
compartments: less helium remains to sustain 
the formation of a gas phase (Eq. 22).  

 

 
 

Fig. 14. Helium M-values predicted by the theory: Comparison with workman 
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Fig. 15. Helium M-Values predicted by the theory: comparison with Bühlmann 
For each compartment, a lower limit and an upper limit are given 

Each column correspond to different cases 
Gradient pressure 0.2 b and inner halftime 20 min 

 
3.3.3 Shortcomings of the classical models 
 

Table 3 presents, for the compartments having 
nitrogen half-times of 5 min and 240 min, the 
value of uc when they are brought back to the 
surface and desaturated with air after having 
been saturated with trimix; the tensions 
corresponding to the criterion PN2 / M0+ PHe / M0' 
= 1.0 
 

The fact the value of uc is almost constant 
demonstrates that, when using mixes and 
combining M-Values, this criterion is more 
relevant than the criteria proposed by classical 
models (The one of Bühlmann) in [13] having 
been presented in 2.2). However, this remains a 
static criterion, whereas the decompression is a 
dynamical process: the tolerance of a 
compartment to inert gases does not depend 
only upon the tensions of nitrogen and helium 
inside, but also on the mix used for the 
desaturation, as already exemplified by Fig.                 
13. Only a dynamical model can correctly              
predict the tolerance to mixes of helium                     
and nitrogen. The last column of Table 2 
exemplifies the fact that, when brought back                  
to the surface, compartments saturated                   
with helium are less tolerant when the 
desaturation is carried out with normoxic heliox 
instead of air. In addition to that problem, many 
classical models assume that saturation and 
desaturation are either only limited by perfusion 
or only limited by diffusion. Intermediate 

situations should be taken into account, as in 
Table 2. 
 

3.4 General Discussion 
 

3.4.1 Imperfections and limits of the theory 
 

In its present state, our theory does not take in 
account the tensions of water and carbon dioxide 
(Eq. 3 and Eq. 4) inside the gas phase when it 
exists. Such a refinement would certainly modify 
the quantitative predictions. During the 
desaturation, circulating bubbles are trapped and 
eliminated when blood circulates through lung 
capillaries. If the blood itself is regarded as a 
compartment, this means that Eq. 13 and Eq. 14 
are no longer verified in this case: the inert gases 
may be eliminated at a faster pace. In the case 
of very brutal decompressions, with a gas phase 
of large extension, Eq. 13 and Eq. 14 may also 
no longer be verified. Taking in account such 
phenomena would also certainly alter the 
quantitative predictions. Currently, we have not 
performed computations taking in account these 
two effects. 
 

Taking into account more precisely the shape of 
the gas phase (Fig. 16) could lead to a pressure 
gradient depending upon its extension. Instead 
of being a constant parameter to tune, δP would 
become an unknown function to guess. It is 
tantamount to introducing more degrees of 
freedom in the theory and rendering it more 
empirical anew. 
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Table 2. Theoretical predictions of helium M-values 
 

T (min) for 
N2 

Perfusion – 
deco with air 

Diffusion – 
deco with air 

Intermediate – deco 
with air 

Perfusion – deco 
with 21/79 heliox 

 uc=0.17  uc=0.17  uc=0.17  uc=0.17  
5 2.475 3.77 3.025 2.355 
5 2.485 3.78 3.035 2.365 
7 2.255 3.29 2.705 2.165 
7 2.265 3.3 2.715 2.175 
10 2.082 2.89 2.435 2.01 
10 2.092 2.9 2.445 2.02 
15 1.93 2.555 2.208 1.88 
15 1.94 2.565 2.218 1.89 
20 1.84 2.37 2.072 1.8 
20 1.85 2.38 2.082 1.81 
30 1.747 2.16 1.935 1.727 
30 1.757 2.17 1.945 1.737 
40 1.701 2.045 1.854 1.681 
40 1.711 2.055 1.864 1.691 
50 1.667 1.96 1.799 1.647 
50 1.677 1.97 1.809 1.657 
60 1.641 1.915 1.762 1.631 
60 1.651 1.925 1.772 1.641 
80 1.611 1.84 1.718 1.601 
80 1.621 1.85 1.728 1.611 
100 1.592 1.785 1.681 1.582 
100 1.602 1.795 1.691 1.592 
120 1.574 1.75 1.655 1.574 
120 1.584 1.76 1.665 1.584 
160 1.555 1.705 1.628 1.555 
160 1.565 1.715 1.638 1.565 
200 1.545 1.67 1.6 1.545 
200 1.555 1.68 1.61 1.555 
240 1.535 1.65 1.59 1.535 
240 1.545 1.66 1.6 1.545 

For each compartment, a lower limit and an upper limit are given 
Each column correspond to different cases 

Gradient pressure 0.2 b and inner halftime 20 min 
 

Table 3. Maximal extension of the gas phase with helium-nitrogen mixes 
 

Halftime 5 min Halftime 240 min 
Nitrogen tension 
(bar) 

Helium tension 
(bar) 

umax Nitrogen tension 
(bar) 

Helium tension 
(bar) 

umax 

2.8 0 0.170276 1.49 0 0.166881 
2.52 0.248 0.169007 1.341 0.154 0.000154 
2.24 0.496 0.167927 1.192 0.308 0.00017 
1.96 0.744 0.167065 1.043 0.462 0.167357 
1.68 0.992 0.166453 0.894 0.616 0.167454 
1.4 1.24 0.166125 0.745 0.77 0.167532 
1.12 1.488 0.166118 0.596 0.924 0.167598 
0.84 1.736 0.16647 0.447 1.078 0.167664 
0.56 1.984 0.167218 0.298 1.232 0.167745 
0.28 2.232 0.168394 0.149 1.386 0.167863 
0 2.48 0.170025 0 1.54 0.168052 

For each compartment, a lower limit and an upper limit are given 
Each column correspond to different cases, Gradient pressure 0.2 b and inner halftime 20 min 
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Fig. 16. Influence of the shape of the gas phase on the pressure gradient 
Spherical bubbles (A), non-spherical bubbles (B) or a bubble developed in a blood vessel (C) have very different 

behaviours 
 
3.4.2 Limits inherent to all the modelings  
 
Because of obvious ethical reasons, the early 
experiments such as decompressing volunteers 
until they get symptoms of decompression 
sickness are impossible to reproduce. Models 
are improved on the basis of the statistics of 
incidents or accidents during the regular use of 
decompression procedures or tables [17,18]. On 
the one hand, the lower the frequency of an 
incident is, the less precise the determination of 
the corresponding probability is. On the other 
hand, not all the dive profiles are repeated a 
large number of times. Most of the recreational 
dives involve no or few decompression stops and 
the use of robots is preferred to very deep 
commercial dives. This relative lack of data 
regarding long and deep dives introduces a bias 
when validating or evolving decompression 
models. Another source of incertitude is the 

personal variability and the lack of 
standardization of the few extreme dives 
performed by technical divers. Even if it fits the 
no-stops limit well, in its present state, the 
present theory is not developed into a full 
validated decompression model. However, other 
models regarded as fully validated might be, in 
fact, very deficient when used far from the no-
stop limit [19,20]. 
 
3.4.3 Explanatory power 
 
In its presents state, our theory gives rather good 
quantitative predictions. It fits the no-stop limits 
well and explains that the affine variations of the 
M-Value according to depth. However, its main 
interest remains the qualitative view it gives of 
the desaturation process. During a safe 
desaturation, u remains lower than uc. It first 
increases at the beginning of a decompression 
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stop, then decreases and vanishes if the stop is 
long enough. During unsafe dives, for example, 
missing the stops or using inadequate mixes, u 
will increase above uc, in a delayed way. From 
that point of view, it is more complete than 
theories whose unique goal is “calculating the 
decompression stops.” 
 
In our theory, the smaller the extension of the 
gas phase inside a compartment is, the faster 
the gas disappears. This is an alternative 
explanation to the efficiency [21] or inefficiency 
[22] of “deep stops:” stops that are done before 
the M-Values of inert gases are reached. 
 
3.4.4 Perspectives 
 
The most complete validation (or invalidation) of 
this theory needs the analysis of the largest 
possible number of dives, preferably with 
complex profiles and far away from the no-stops 
limit. The analysis of the profiles will enable to 
reconstruct the evolution of u for each 
compartment and to find with a lesser statistical 
incertitude the best values of δP and τ'. The 
remaining dispersion of these values is linked to 
the relevance of the theory. It must be noticed 
that most of the existing diving data banks ([23] 
for instance) are not freely available. Fig. 17 
shows how our theory in its present state can be 
used to assess already existing decompression 
profiles or to optimize them. The evolution of u 
(45 compartments from 5 min to 200 min limited 
by perfusion, diffusion and in-between) has been 
computed in the case of the dive of duration 30 
min at a depth of 250 fsw (approximatively 75 m) 
using a 16% oxygen, 33% helium, 51% nitrogen 
mix, that is described in [24]. Two 
decompression schedules named "ZHL safer" 
and "RGBM safer" in [24], both using trimix and 
oxygen, have been examined. A third profile has 
been added, that is a modification of "ZHL safer" 
by the author. Its stops between 100 ft and 30 ft 
use a 40% oxygen, 60% nitrogen mix. Certain 
durations have been modified (in min/ft) as 5/90; 
5/80; 10/70; 10/60. The duration of the two last 
stops using pure oxygen have also been 
modified as 28/20;1/10. Fig. 17A shows the 
depth profiles and Fig. 17B shows the evolution 
of u. Through the value of this parameter, the 
theory affords a new way of assessing diving 
profiles, instead of considering only the depth of 
the first stops (or how deep they are below the 
ceiling imposed by the M-Values) and the 
duration of each stop. 

This benchmark shows that “RGBM safer” is the 
best during the first stops, but that “ZHL safer” is 
the best for the last stops and after surfacing. 
The values of u of both profiles are, by far, above 
the thresholds proposed in Table 1. This is not 
the case of the third profile: it can be regarded as 
safer, with u always below 0.13. The "RGBM 
safer" profile adds deeper stops, but they are too 
short to remove enough inert gas of the gas 
phase: this is why, during shallow stops that are 
too short, u can reach an important value. This is 
not the case of the third profile, where the deeper 
stops have been extended.  Along with the use 
of a correct mix, this enables a faster reduction    
of the gas phase. This is why the two last stops 
can be shortened. With pure oxygen, doing a 
stop at 10 ft is always less efficient than doing              
it at 20 ft. Our theory explains why very well: at 
20 ft the pressure inside the gas phase is    
higher, so it will dissolve faster, then be removed 
faster.  
 
The case of cave diving has been evoked above. 
Certain dives include more than two long and 
deep stays in less than 24 hours: they are clearly 
outside the field of neo-Haldanian models and 
outside of the field of any decompression table. 
Instead of using arbitrary safety margins 
concerning the M-Values or the duration of 
certain stops, our theory, through u, affords an 
alternative and rational way of increasing the 
safety level of this kind of dive.  The stops can be 
optimized so that u is never higher than the 
threshold of Table 1. All the calculations can 
even be made with a lesser value of umax (for 
example 0.13 instead of 0.17 in the example of 
Fig. 17). Because cave diving often takes place 
far from any recompression chamber, alone and 
with efforts to do just after the end of the dive, 
hardened decompression profiles are necessary. 
Ordinary decompression schedules regarded as 
safe enough for recreative or technical diving 
may be inadequate. Our theory is a possible 
resource to improve that. It can be remarked, in 
Fig. 17 that after surfacing no gas phase remains 
in the case of the improved profile we propose, 
whereas this is not the case for "RGBM safer" 
and "Bühlmann safer." Finally, at the fringe but 
from the point of view of global safety: the 
process of optimizing u forces the diver to a 
deeper reflexion than if (s)he uses only a non-
free software (such as “V-Planner” or 
“DecoPlanner”) that provides her/him directly 
with profiles (s)he is unable to compute. This is 
an educational advantage. 
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Fig. 17. Benchmark with a dive of duration 30 min at 250 ft using a 16% oxygen, 33%helium, 

51% nitrogen, mix 
A: depth profiles 
B: evolution of u 

Blue: Bühlmann. Red: RGBM. Yellow: optimisation by the author 
 

4. CONCLUSION 
 
This theory is simpler than RGBM and VPM. It is 
compatible with the static results of neo-
Haldanian models (M-Values), but it has a larger 
explanatory power in the case of dynamical 
situations. Depending upon fewer parameters 
than RGBM and VPM, it is more parsimonious. 
With only three parameters, it can be tuned to 
give realistic values of M0 and M0' for each 
compartment. It is capable, at least qualitatively, 
to explain the delayed occurrence of 
decompression problems. It is also capable of 
explaining the benefits of oxygen breathing 

during normal or emergency procedures. It 
shows that the tolerance to inert gases depends 
on the composition of the mix that is breathed 
during the decompression. Clearly, the notion of 
M-Value is no longer relevant when using 
several mixes during a complex profile. Instead 
of delivering binary results such as “safe” or 
“unsafe”, the parameter u that represents the 
extension of the gas phase is linked to the risk 
level. Classical models that are regarded as 
perfectly validated may be deficient when applied 
to extreme dives, far from the no-stop limit. Even 
in its present state, our theory is a valuable tool 
in helping to assess such dive profiles. It goes far 
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beyond "calculating decompression stops:" 
already existing decompression schedules can 
be examined, and u computed during the 
different stops.  Too large values during and after 
decompression indicate non-optimal profiles, 
possibly unsafe having in mind the statistical bias 
evoked in 3.4.2. Although it is not a 
systematically controlled study, it is worth to 
mention that, after some preliminary work [25], 
the author, as a cave diver, uses since 2010 his 
theory to assess the safety of each committed 
dive [26] he has to do. 
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